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ABSTRACT 
 
Although odorants and tastants are perceived by two different sensory 
modalities, the perceived taste qualities of a solution may be modified with the addition 
of an odorant.  While many studies have investigated odor-induced taste modifications 
in model solutions, there is a lack of conducted research examining odor-induced taste 
modifications in complex food systems.  The research objective was to determine the 
effect of added vapor-phase stimuli on the perceived sweetness of a model solution and 
complex food system.  
Eight vapor-phase stimuli (i.e. blueberry, caramel, ginger, honey, lemon, orange, 
peach, and strawberry) were selected for investigation.  The study was conducted in 
two parts.  For Part 1, a 0.3 M sucrose solution was used as the model solution.  
Untrained panelists (n=76) evaluated sucrose solutions with and without added vapor-
phase stimuli regarding overall aroma intensity, sweetness, sourness, saltiness, and 
bitterness.  For Part 2, green and black teas were selected as the complex food system.  
Untrained panelists (n=71) evaluated green and black teas with and without added 
vapor-phase stimuli regarding overall aroma intensity, sweetness, sourness, saltiness, 
and bitterness.    
Data were analyzed using Analysis of Variance (ANOVA) with Tukey’s Honest 
Significant Difference (HSD) post-hoc test to determine differences in overall perceived 
aroma intensities and taste intensities.  Lemon had the highest sweetness intensity 
rating among model sucrose solutions.  Only the lemon and caramel vapor-phase 
stimuli enhanced the perceived sweetness intensity of the model solution (p<0.05).  
vi 
 
Caramel had the highest sweetness intensity rating for both green and black teas.  No 
perceived sweetness enhancements were observed in the green and black teas.  
However, ginger suppressed the perceived sweetness of the green and black teas 
(p<0.05).  Strawberry and blueberry also suppressed the perceived sweetness of the 
black tea (p<0.05).  Differences in perceived sweetness intensities among vapor-phase 
stimuli may be attributed to previous associations and co-occurrences of vapor-phase 
stimuli and tastants in food products as well as interactions that may occur between the 
volatile and non-volatile components in the food systems used.  Results may be useful 
in food industry applications such as the modification of perceived taste qualities of 
beverages, specifically tea, without altering the nutritional composition.   
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INTRODUCTION  
 
Food science is an interdisciplinary study of “the physical, biological, and 
chemical makeup of food; the causes of food deterioration; and the concepts underlying 
food processing” in an effort to improve food products.  Food scientists study the 
composition of food and apply their knowledge to develop safe, nutritious foods and to 
increase the availability of quality food.  Food scientists and technologists may 
specialize in chemistry, engineering, microbiology, quality control, nutrition, packaging, 
food safety, or sensory evaluation (IFT 2016).  In terms of food science, sensory 
evaluation is a “scientific discipline used to evoke, measure, analyze, and interpret 
human responses, as perceived by the five senses, to the composition of food and 
beverage products” (Lawless and Heymann 2010; IFT 2016). 
The five senses of sight, smell, taste, touch, and hearing, are used by humans to 
sense various environmental stimuli to understand the world around them.  Sensation 
refers to the process of transforming stimulus energy from the external environment into 
neural energy (Goldstein 2014).  Specialized receptor cells in the eyes, nose, tongue, 
skin, and ear detect physical energies.  This energy is transformed into electrical energy 
received by the appropriate area of the brain (King 2010; Goldstein 2014).  Through the 
process of perception, the brain organizes and interprets this information so that an 
appropriate behavioral response may be made (King 2010).  
The measurement of food acceptance and consumption relies heavily upon 
subjective perceptual responses.  Sensory information is integrated with information 
from learning and memory to create a context for perception and expectations that may 
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moderate these perceptions.  For instance, taste and odor inputs are combined to 
create a recognizable flavor.  Perceptual information in terms of appearance, flavor, and 
texture is also gauged during food consumption to form a hedonic response (Meiselman 
and MacFie 1996).  The final process, in which the perceptual attributes and hedonic 
information are integrated with consumer and environmental characteristics, produces 
the evaluative experience of food acceptance (Shepherd and Sparks 1994; Meiselman 
and MacFie 1996).   
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CHAPTER I: 
LITERATURE REVIEW 
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1.1 Olfaction 
 
Olfaction, commonly known as the sense of smell, is the sense humans use to 
perceive odors.  Humans have evolved to use olfaction as a means to detect, identify, 
and localize vapor-phase stimuli or odorants in the chemical environment in order to 
respond appropriately to the source of the odor.  This includes moving towards or away 
from the odorant source and innately responding to odors which signal a hazard or 
danger (Halpern 2004; Stevenson 2010).  Olfaction also contributes to ingestive 
behavior in terms of determining a food’s suitability for consumption, regulating appetite, 
and detecting and recognizing foods.  For instance, olfactory cues may be used to reject 
foods that have an unexpected odor or stimulate appetite in the presence of a palatable 
odor (Stevenson 2010). 
1.1.1 Olfactory System 
The nasal cavity is divided into two halves by the central septum (Jackson 2009).  
The septum is comprised of three parts: the septal cartilige, the perpendicular plate of 
the ethmoid, and the vomer bone.  These parts provide structural support for the nasal 
septum  (Doty 2003).  The olfactory epithelium, which is composed of a 2.5 centimeter 
squared (cm2) layer of tissue on both sides of the septum, detects the odorants that 
enter the nasal passages (Jackson 2009).  Mucus secreted by the olfactory glands 
coats the epithelium’s surface and helps to dissolve the odorants (Nef 1998).  Only a 
fraction of the odorants inhaled are absorbed by the mucus.  Once dissolved in the 
mucus, the odorants attach to hair-like structures called cilia at the surface of the 
epithelium.  Odorants may bind to one or more different types of olfactory receptor 
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proteins on the receptor membranes.  The receptor neurons are specialized to respond 
to specific aromatic compounds (Pastorino and Doyle-Portillo 2012).  The odorants are 
then sensed by the olfactory receptor neurons which trigger a signal received by the 
olfactory bulb in the brain.  Humans have approximately 10 million receptor neurons on 
each side of the nasal septum (Jackson 2009).   
1.1.2 Types of Olfaction 
There are two types of olfaction, orthonasal and retronasal.  Orthonasal olfaction 
involves odorants traveling from the external environment into the mucus-lined portion 
of the nasal cavity during nasal inhalation (Murphy and others 1977; Rozin 1982; 
Negoias and others 2007).   
Retronasal olfaction involves the detection of odorants originating in the mouth.  
Odorants released during food mastication reach the nasal cavity through the 
nasopharynx at the back of the nose (Murphy and others 1977; Rozin 1982; Seo and 
Hummel 2011). 
Structural differences in the oral and nasal cavities cause the airflow pattern in 
the mouth and nose to differ during inhalation and exhalation.  As a result, the 
concentration of odorants reaching the nasal cavity differs for orthonasal and retronasal 
olfaction.  Retronasal vapor-phase stimuli concentrations were shown to be 
approximately 1/8 of orthonasal vapor-phase stimuli concentrations (Linforth and others 
2002).  Thus, the detection thresholds are higher for retronasal olfaction than for 
orthonasal olfaction because the odorants travel a longer distance to reach the olfactory 
epithelium (Halpern 2008).  Retronasal vapor-phase stimuli identifications are also more 
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difficult (Pierce and Halpern 1996); correct odorant identification response rates are 
lower for retronasal olfaction than orthonasal olfaction (Halpern 2008).   Even trained 
human subjects have lower correct response rates when identifying odorants 
retronasally (Pierce and Halpern 1996).   
1.1.3 Vapor-Phase Stimuli 
Odorants are volatile or readily evaporating compounds (Jackson 2009).  
Odorant volatility may be affected by temperature, vapor pressure, molecular weight, or 
the presence of nonvolatile components (Sikorski 2002; Jackson 2009).  
Major classifications of odorants include acids, alcohols, aldehydes, ketones, 
furans, esters, sulfur compounds, lactones, hydrocarbons, terpenes, and phenolics.  
Volatile acids—such as acetic, butyric, formic, and carboxylic acids—are often 
associated with off-odors produced during fermentation.  Alcohols with more than two 
carbons have pungent and fusel odors.  Aldehydes possess oxidized odor attributes 
such as caramel and vanilla.  Ketones often have odors associated with fermentation, 
yet have little impact on aroma profiles (Jackson 2009).  Furans typically have sweet, 
caramel-like odors (Charalambous 2013).  Short-chain esters have fruity odors (Sikorski 
2002; Jackson 2009).  As the hydrocarbon chain of the acid lengthens, the odors 
become increasingly soap and lard-like.  Hydrogen sulfide and organosulfur compounds 
generate rotten egg, cabbage, and rubber off-odors.  Lactones often are characterized 
by peachy, nutty, and sweet odors (De Rovira 2008; Jackson 2009).  Hydrocarbons 
provide smoky, kerosene, and corky odors.  Most terpenes have floral, fruity, and woody 
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odors (Maarse 1991).  Phenolics are characterized by spicy, pharmaceutical, smoky, 
and animal odors (Jackson 2009).   
 Odor Perception 
Odorants may be perceived as individual compounds or as mixtures of 
compounds.  In odorant mixtures, individual compounds often lose their identity 
(Jackson 2009; Lawless and Heymann 2010).  Additionally, when odorants are from the 
same chemical group, the perception of one odorant may suppress the detection of a 
related odorant (Jackson 2009).  Some properties that can affect the perceived intensity 
and quality of odorants include: molecular structure, hydrophobicity, and intermolecular 
forces (Sikorski 2002; Jackson 2009). 
Orthonasal and retronasal olfaction have been found to produce different 
qualitative responses.  Burgundy Pinot noir wines were evaluated orthonasally and 
retronasally to develop an aroma profile for the wine.  The dominant orthonasal 
qualitative descriptors were raspberry, leather, vanilla, smoked, undercooked, and 
animal.  However, the dominant retronasal qualitative descriptors were roasted coffee, 
cherry, wood, pepper, and cut grass (Aubry and others 1993).  Similarly, Malaysian 
pomelo juices were evaluated orthonasally and retronasally using descriptive analysis.  
The dominant orthonasal qualitative descriptors were acidic, citrusy, fresh, green, 
peely, and woody while the dominant retronasal qualitative descriptors were bitter, 
sour, and sweet (Cheong and others 2012).   
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1.1.4 Interactions Regarding Other Sensory Modalities 
 Sight-Smell Interactions 
Visual cues, such as color, are important in olfactory perception.  When 
participants were asked to describe the odor of various colored fruit solutions, odor 
identification proved to be more difficult when the solution color was inappropiate (i.e. 
lemon solution was colored red) (Blackwell 1995).  Color has also been found to impact 
perceived odor intensity.  Solutions with added odorants are often perceived as smelling 
stronger when colored than when colorless (Zellner and Kautz 1990).  Color as well as 
shape cues guide olfactory discrimination tasks even when participants attempt to 
ignore these visual distractors.  Demattè and others (2009) found that during a speeded 
discrimination response exercise involving strawberry and lemon odorants, the accuracy 
of odor discrimination was influenced by the concurrent viewing of red or yellow color 
patches and/or a drawing of a strawberry or lemon. 
 Touch-Smell Interactions 
Textural attributes such as viscosity and hardness impact perceived odor 
intensity.  An increase in hardness of odorized whey protein gels reduced the perceived 
aroma intensity of the gels (Weel and others 2002).  Also, when participants were asked 
to smell an odorant while holding either water or a viscous solution in their mouth, 
perceived aroma intensity was reduced in the presence of the viscous solution 
(Stevenson and Mahmut 2011).   
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 Taste-Smell Interactions 
During food consumption, orthonasal olfaction occurs prior to gustation and 
establishes expectations of the flavor that will accompany the odor (Doty 2003; White 
and Prescott 2007).  For instance, humans will avoid foods that smell adverse or are 
previously associated with gastric illness (Doty 2003).  As the food enters the oral 
cavity, gustatory input is coupled with input from retronasal olfaction to establish food 
flavor (Rozin 1982; White and Prescott 2007).  
When participants are asked to describe the perceptual qualities of odors, terms 
associated with the gustatory system, such as “sweet” and “sour,” are often used.  
However, the olfactory system does not contain gustatory receptors that respond to 
taste stimuli (Burdach and others 1984; Auvray and Spence 2008).  Taste sensations 
can be confused with smell sensations because food mastication involves gustatory 
stimuli and olfactory stimuli that originate in the mouth (Negoias and others 2007).  
Taste receptors on the tongue detect tastes, and odors are detected by olfactory 
receptors via the back of the mouth (Valentin and others 2006).   
1.2 Odor-Induced Taste Modifications  
1.2.1 Odor-Induced Taste Enhancement 
To assess odor-induced taste enhancement, participants are presented with a 
series of solutions made with a tastant alone (control) and a tastant with an odorant.  
The odorants typically do not possess taste qualities when presented alone in solution.  
The participant is tasked with estimating the overall intensity of each solution.  An odor-
induced taste enhancement occurs if the perceived intensity of the tastant-odorant 
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mixture is greater than the perceived intensity of the tastant alone (Valentin and others 
2006). 
1.2.2 Odor-Induced Taste Suppression 
Odor-induced taste suppression has also been observed in odorant-tastant 
mixtures.  Odor-induced taste suppression occurs when a participant perceives the 
overall intensity of the tastant-odorant mixture to be less than the perceived intensity of 
the tastant alone (Valentin and others 2006).  Odor-induced taste suppression is 
thought to be seen in mixtures of odorants and tastants that are thought to be dissimilar 
(Frank and others 1991).   
1.2.3 Hypothesized Explanations  
Odor-induced taste modification is not due to physicochemical changes in 
tastants in the presence of the odorants since modification effects have been observed 
when odorants and tastants are presented to participants independently (Valentin and 
others 2006).  Additionally, modification effects are no longer noted if the nose is 
pinched.  However, the phenomenon is still unclear and not fully understood.  The 
extent of odor modification has been highly variable.  Lemon odorants have been found 
to enhance the perceived sweetness of some model solutions (Schifferstein and 
Verlegh 1996), have no effect (Lawless and Schlegel 2006), and suppress the 
perceived sweetness in other model solutions (Frank and others 1993; Valentin and 
others 2006). 
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1.2.4 Factors Affecting Odor-Induced Taste Modifications 
 Task 
Task requirements may evoke different perceptual responses.  For odor-induced 
sweetness enhancements in particular, modification effects are dependent upon the 
number and type of rating scales given to participants.  Odor-induced sweetness 
enhancement of a sucrose solution with the addition of a strawberry odorant only occurs 
when the participants are solely asked to rate the intensity of sweetness.  However, 
when the participants were asked to evaluate additional qualities such as sweetness, 
fruitiness, and sourness, enhancement effects were no longer observed (Frank and 
others 1993).  
Response biases may present a partial explanation for odor-induced taste 
enhancement.  Dumping, the effect of misusing response scales on a questionnaire, 
may be observed when participants are not given the appropriate rating scales by which 
to indicate a sensation.  Because of this, the participant may instead “dump” the 
sensation into the scales that are available (Lawless and Heymann 2010).  When 
multiple appropriate scales are provided during testing, participants are able to better 
rate all of the qualities that they experience.  In this situation, sweetness enhancement 
is less commonly noted (Frank and others 1993; Clark and Lawless 1994).   
 Stimuli 
Another factor explaining odor-induced taste enhancements may be the odorant 
and tastant stimuli themselves.  
12 
 
The degree to which odor-induced taste enhancement occurs was proven 
dependent upon the perceptual similarity between the tastant and odorant (Frank and 
Byram 1988).   Because of an association of particular odors with certain taste qualities 
in foods based upon previous experiences, odors are often thought to possess taste 
qualities such as sweetness or sourness (Stevenson and others 1995).  This 
association during consumption may cause an additivity of odor and taste qualities and 
subsequently cause a noted odor-induced enhancement effect (Prescott 1999).   
The extent of any association between the odorant and tastant is a critical factor 
in odor-induced taste modifications.  The degree to which an odor is perceived as 
smelling “sweet” may predict the degree to which the odor will enhance or suppress 
sweetness.  Additionally, whether an odor is considered to be a food or nonfood odor 
also is related to perceived enhancement effects (Stevenson and others 1999). 
Congruency, the degree to which the odorant and tastant are appropriate for 
combination in a food product, acts as a necessary condition for odor-induced taste 
enhancement.  Sweetness enhancements were found with congruent mixtures of 
strawberry/sucrose and lemon/sucrose but not for an incongruent mixture of a 
ham/sucrose (Schifferstein and Verlegh 1996).   
 Subject 
Subject-driven factors must also be considered.  Individuals differ in the degree 
to which they observe odor-induced modification effects.  Individuals who note an 
enhancement effect in an odorant-tastant mixture consistently observe the effect when 
presented with various tasks.  Individual differences suggest that some participants are 
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better able to separate complex stimuli into the olfactory and gustatory components 
than others (Klaauw and Frank 1994; Valentin and others 2006).  Due to a wide array of 
variables including genetics; age; personality; sensitivities; preferences; and previous 
exposures, differences in sample populations between experiments may affect odor-
induced taste modification results (Lawless 1991; Stevens 1996). 
An individual’s culture was also shown to be an important factor in terms of 
modification effects due to the variation of food consumption habits and prior 
associations between odorants and tastants (Valentin and others 2006).  Frank and 
Byram’s experiment (1988) (in which participants rated the sweetness intensity of 
sweetened whipped cream samples with added strawberry odorant) was replicated 
using French participants.  A much smaller enhancement effect was noted in the 
perceived sweetness intensity among the French participants than the American 
participants.  These results were attributed to cultural variances.  The French do not 
commonly associate strawberry odors or flavors with sweetness like American 
participants do.  In France, strawberry is more frequently associated with a sour taste 
(Frank and Byram 1988; Nguyen 2000; Valentin and others 2006). 
1.3 Tea 
Tea refers to a beverage typically prepared by steeping the leaves of the tea plant 
in hot or boiling water.  For the context of this paper, tea will refer to the tea leaves from 
the Camellia sinensis plant.  Tea types include white tea, green tea, yellow tea, oolong 
tea, black tea, and Pu’erh tea (Gaylard 2015).  Tea, although a liquid, is a complex 
beverage product composed of many compounds such as polyphenols, amino acids, 
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enzymes, pigments, alkaloids, carbohydrates, volatiles, and minerals which contribute 
to the appearance, aroma, and flavor (Harbowy and Balentine 1997).  Tea is the most 
widely consumed beverage in the world after water (TeaUSA 2013).  In 2005, tea was 
categorized as a wellness or “functional” beverage.  This category was projected to be 
the fastest growing beverage category in the United States (U.S.) (Miller 2005).  Many 
consumers like tea because of reported health benefits due to its antioxidant content 
(Cooper and others 2005).  
1.3.1 Production Process 
The process used to produce tea varies based upon the desired type of tea.  
However, many of the basic steps are similar.  Tea leaves are harvested from the 
Camellia sinensis plant at various growing periods throughout the year.  Tea leaves 
may be mechanically harvested or hand-plucked.  Since the fresh tea leaves have a 
high moisture content, the leaves are initially withered to remove moisture and to 
prepare the leaves for further processing.  Leaves may be withered in the sun or in a 
temperature-controlled environment.  For the production of green, white, and yellow 
teas, tea leaves undergo a process called “fixing” in which high temperatures are used 
to inactivate the polyphenol oxidase enzyme responsible for oxidation.  A pan-firing 
method is often used for this process which preserves the color and aroma of the 
leaves.  Next, tea leaves are rolled to form characteristic tea shapes.  The rolling 
process further breaks down cell walls and presses out additional moisture.  At this 
stage, tea leaves that will be used to produce oolong and black teas are allowed to 
oxidize.  The oxidation process is a natural browning reaction of polyphenols catalyzed 
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by the polyphenol enzymes found in the plant.  Once tea leaves have been oxidized, the 
leaves are dried or fired to stop the oxidation process.  Leaves are sorted by hand or 
machine in order to separate tea leaves into grades and remove unwanted components 
(Willson and Clifford 2012; Gaylard 2015).  
1.3.2 Types of Teas 
There are six types of teas produced from the Camellia sinensis plant.  The 
categorization of teas is based upon the degree that tea leaves are allowed to oxidize.  
White and green teas are not oxidized.  Yellow tea is the least oxidized while black tea 
is the most oxidized (Gaylard 2015).  
 White Tea 
White tea is produced from the buds of immature tea leaves.  Immediately upon 
picking, the leaves are allowed to dry.  When the desired moisture content is reached, 
the leaves are ready for distribution.  The production process does not involve oxidation.  
The lack of oxidation causes the tea to have a very light and delicate aroma and flavor.  
A prepared cup of white tea is pale and colorless (Ho and others 2008; Gaylard 2015).  
 Green Tea 
Upon plucking, tea leaves are immediately “fixed” through steaming or steam 
frying.  The heat inactivates the polyphenol oxidase enzyme responsible for catalyzing 
the oxidation of catechins.  Since catechins are the primary antioxidant component in 
green tea, oxidation during the production process is undesirable (Belitz and others 
2004; Wan and others 2009).  Green tea is, therefore, un-oxidized and maintains the 
16 
 
color of Camellia sinensis leaves (Gaylard 2015).  Green tea leaves remain green and 
maintain a subtle flavor after processing (Belitz and others 2004; Wan and others 2009). 
 Yellow Tea 
Yellow tea is the least oxidized.  After tea leaves are fixed, tea leaves undergo a 
“heaping” step.  This process involves piling the leaves, wrapping a damp cloth around 
the leaves, and allowing the leaves to rest.  The heat and moisture causes the leaves to 
turn yellow.  The tea leaves are slightly oxidized causing the tea to have a slightly fuller 
yet light flavor (Gaylard 2015).  Yellow tea is rare and only produced in certain areas of 
China (Heiss and Heiss 2012; Gaylard 2015).  
 Oolong Tea 
Oolong tea is semi-oxidized.  After the tea leaves are withered, the leaves are 
“rattled” or shaken.  This process helps to degrade the cell walls and bruise the leaves 
which promotes the development of flavor during oxidation (Gaylard 2015).  Oolong 
teas have a diverse flavor profile because of the broad range in oxidation levels, 12-
85% (Hinsch 2008; TeaSpot 2015).  
 Black Tea 
Black tea undergoes full oxidation.  The tea leaves are first withered until the 
moisture content is reduced to 55-72% of the original leaf weight.  The withering 
concentrates the polyphenols in the leaves, degrades the cell wall structure, and 
develops the aroma.  Factors such as temperature, humidity, ventilation, leaf layering, 
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and oxidation time all determine the quality of the black tea (Harbowy and Balentine 
1997).  The oxidation process gives black tea a malty, rich flavor profile (Gaylard 2015).  
 Pu’erh tea 
Unlike the other types of tea, Pu’erh tea is fermented.  The production process of 
Pu’erh tea involves a controlled fermentation by microorganisms, such as Aspergillus 
species, endogenous to the tea leaves, in a warm, humid environment (Preedy 2014).  
The length of the process ranges from a few hours to several years depending on the 
desired level of fermentation (Preedy 2013; Gaylard 2015).  The microbial fermentation 
causes the leaves to brown (Preedy 2013).  Pu’erh tea has a complex flavor profile with 
earthy, leathery, woody, and chocolate notes (Gaylard 2015).  
1.3.3 Tea Components 
While there are differences between the varieties of tea, many of the basic tea 
components are similar.  Compounds such as chlorophylls and carotenoids give tea 
leaves their color.  As oxidation occurs and the tea leaves whither, the pigments 
condense causing a darker color.  Polyphenol oxidase and peroxidase are enzymes in 
tea leaves responsible for enzymatic browning.  In the case of green tea, these 
enzymes are immediately deactivated in order to prevent any browning and preserve 
the flavor.  Other flavonoids such as flavonols, flavones, isoflavones, and anthocyanins 
also contribute to the color of the tea (Harbowy and Balentine 1997).   
The aroma profile of tea is composed of thousands of volatiles or aromatic 
components.  The aroma profile is dependent upon the combinations of these 
compounds.  Volatiles can be categorized as carbonyls, alcohols, acids, esters, amines, 
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sulfur compounds, terpenes, phenols, furans, lactones, and hydrocarbons (IARC 1991; 
Lee and others 2013).  The volatiles may originate in the fresh tea leaves or may be 
produced during the manufacturing process (Harbowy and Balentine 1997).   
The components of tea that contribute to flavor include polyphenols, amino acids, 
carbohydrates, alkaloids, and volatiles.  Polyphenols are the primary component of tea 
leaves. There are over 30,000 polyphenolic compounds in tea.  Catechins and other 
phenolic compounds greatly contribute to tea’s astringency and bitterness.  Amino acids 
such as theanine give tea a savory, brothy, full-bodied flavor characteristic of the 
“umami” taste sensation.  Carbohydrates provide sweetness to the tea.  Alkaloids such 
as caffeine, theobromine, and theophylline impart a bitter taste in teas.  Combinations of 
hundreds of volatiles give each tea variety a distinct aroma (Harbowy and Balentine 
1997). 
1.3.4 Health Benefits 
Many consumers like tea because of reported health benefits due to antioxidants, 
such as polyphenols and catechins, and L-theanine.  Green and white teas retain most 
of these antioxidants during processing (Gaylard 2015).  While green and white tea 
types have comparable levels of catechins, the catechin antioxidant capability is less in 
white tea, and the health benefits of white tea are not as thoroughly studied 
(Unachukwu and others 2010).  The polyphenols found in tea are believed to reduce 
degenerative diseases such as Alzheimer’s and Parkinson’s disease by protecting parts 
of the brain responsible for memory (Gaylard 2015).  Green tea catechins such as 
epigallocatechin-3-gallate (EGCG) may work at both genetic and molecular levels to 
19 
 
inhibit the enzyme, telomerase, responsible for cancer cell growth and to kill cancer 
cells (Azam and others 2004).  The catechins also work to mitigate atherosclerosis and 
other cardiac issues (Cooper and others 2005). 
Additionally, the alkaloid, caffeine, serves as a stimulant and may help to boost 
metabolism.  Tea contains numerous functional minerals such as fluoride, manganese, 
selenium, iodine, and potassium as well (Harbowy and Balentine 1997).  Fluoride, in 
particular, contributes to bone density and helps strengthen teeth (Gaylard 2015). 
Some consumers drink tea, specifically oolong and Pu’erh, to promote digestive 
health (Gaylard 2015). 
1.3.5 Importance 
Tea plays a significant role in many societies and cultures around the world.  Tea 
originated in China around 2727 BC and was originally consumed for medicinal 
purposes to regulate body temperature and stimulate the brain (Gaylard 2015).  Since 
then, the Chinese have revered tea and used the leaves for gifts, courtship rituals, and 
ancestor tributes.  In Japan, tea practices were adapted from Buddhist temple tea rituals 
as a means to surpass worldliness.  India, the largest tea exporter in the world, 
produces many unique varieties of tea such as Chai, Darjeeling, and Assam.  In the 
United Kingdom, “tea time” is a British tradition that stems back from the aristocratic 
times.  The story of U.S. independence began with tea at the Boston Tea Party of 1773.  
The U.S. has continued to popularize tea with the development of innovative tea drinks 
and specialty premium teas (Dubrin 2010; TeaSpot 2015).  Globally, tea is a relevant 
and central beverage to study. 
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1.4 Sensory Evaluation 
As previously mentioned, sensory evaluation is defined as “the scientific method 
used to evoke, measure, analyze, and interpret those responses to products as 
perceived through the senses of sight, smell, touch, taste, and hearing” (Stone and 
Sidel 2004).  There are three primary types of sensory tests that are used to evaluate 
food and beverage products: discrimination tests, descriptive analyses, and affective 
tests (Lawless and Heymann 2010).   
1.4.1 Discrimination Tests 
Discrimination tests are used to determine whether or not there are perceptible 
differences between products.  These tests are most useful when the difference 
between samples is slight.  Discrimination tests are often performed due to the 
simplicity of application and data analysis.  Data analyses for discrimination tests are 
usually based on the frequency of correct and incorrect responses.  The data analysis 
methods used for discrimination tasks are based upon the binomial, chi-square, or 
normal distributions.  Examples of discrimination tests include: the triangle test, duo-trio 
test, paired comparison test, and alternative forced choice test (Meilgaard and others 
2006; Lawless and Heymann 2010). 
1.4.2 Descriptive Analyses 
Descriptive analyses are used to quantify perceived attributes and descriptions of 
products.  Descriptive analyses are useful when a detailed description of the sensory 
attributes of a product is needed or when a comparison of sensory attributes among 
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several products is desired (Lawless and Heymann 2010).  While there are various 
techniques of descriptive analyses, such techniques share some of the same 
components such as panelist selection, term generation, concept formation, panel 
agreement testing, and product evaluation (SSP 2016).  Descriptive analyses utilize 
trained panelists.  Examples of descriptive analysis techniques include the Flavor 
Profile®, Quantitative Descriptive Analysis®, Texture Profile®, and Sensory Spectrum® 
(Meilgaard and others 2006; Lawless and Heymann 2010).  Product attribute 
differences may be analyzed using methods such as Analysis of Variance (ANOVA), 
principle component analysis, factor analysis, or cluster analysis (SSP 2016).  
1.4.3 Affective Tests 
Affective tests utilize untrained participants to determine the degree of liking or 
disliking of a product and quantify the sensory appeal of the product.  The information 
obtained from affective tests is useful when combined with other sensory information 
such as consumer expectations, product formulations, and results from discrimination 
tasks.  Affective tests determine the preference or acceptability of a product.  When 
measuring preference, participants choose one product over another.  In acceptance 
tests, participants use a scale to rate their liking of a product (Meilgaard and others 
2006).  The 9-point hedonic scale is a common scale used to measure participants’ 
liking or acceptability of a product.  Data analysis for line scales is conducted by 
assigning numerical values to the intervals and then using parametric statistics, t-tests 
on means or ANOVAs followed by post-hoc statistics (Lawless and Heymann 2010).  
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CHAPTER II: 
EXPECTED SWEETNESS INTENSITIES ASSOCIATED WITH VARIOUS 
QUALITATIVE DESCRIPTOR TERMS AND VAPOR-PHASE STIMULI 
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2.1 Introduction 
2.1.1 Background 
Olfaction contributes the most to the diversity of food flavors.  Often, qualitative 
descriptions used to describe tastes actually describe aromas (Lawless and Heymann 
2010).  There are only five basic tastes—sweet, salty, bitter, sour, and umami.  Taste 
sensations are often confused with smell sensations because food mastication involves 
gustatory stimuli and olfactory stimuli originating in the mouth (Negoias and others 
2007).  Taste receptors on the tongue detect tastes, and odors are detected by olfactory 
receptors via the back of the mouth (Valentin and others 2006).  The assignment of 
taste properties by odors is particularly noted for commonly consumed foods.  For 
instance, the term “sweet” is often used to describe the aromas of caramel and vanilla 
while the term “sour” is used to describe the aroma of vinegar (Calvert and others 2004; 
Prescott 2012).  
The perception of an odor often involves memory recollection based upon 
previous experiences with the odor.  If the odor was initially experienced with a tastant, 
the odor will be encoded in the memory as a cross-modal stimulus.  Subsequent 
experiences with the odor alone may then evoke the most similar odor memory which 
will involve both odor and taste components (Prescott 2012). 
Conducted research has confirmed that imagined odors influence taste 
properties in the same manner as perceived odors (Djordjevic and others 2004).  The 
expected saltiness of written food names was found to be a good predictor of the level 
of odor-induced saltiness enhancement (Lawrence and others 2009).  However, there is 
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a lack of conducted research examining the impact of expected sweetness intensities of 
written qualitative descriptor terms on expected or perceived sweetness ratings.  
2.1.2 Objective 
The objective was to determine whether select qualitative descriptor terms are 
associated with sweetness and to determine the expected intensity of sweetness of 
select vapor-phase stimuli.  
2.2 Participants 
Participants were recruited using recruitment flyers (See Figure A.1) distributed 
across The University of Tennessee (UT) campus and using recruitment emails.  All 
recruitment materials were approved by the UT Institutional Review Board (IRB).  
Participants had to be at least 18 years old, healthy, neither pregnant nor lactating, a 
non-smoker, and an American English communicator.  Since participants were asked to 
evaluate vapor-phase stimuli, it was important that they were not experiencing nasal 
congestion.  Also, any individual with known food allergies was not allowed to 
participate in the study.  Prior to any evaluation, each potential participant signed a 
consent form approved by UT IRB.   
This study consisted of seventy-five participants (27 male; 48 female).   
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2.3 Materials and Methods 
2.3.1 Hypothesis 
Select qualitative descriptor terms will be associated with sweetness.  Vapor-
phase stimuli administered in 118.29 mL low-density polyethylene squeeze bottles with 
24 mm flip-top caps will have different expected sweetness intensities when evaluated 
orthonasally.  
2.3.2 Stimuli 
Ten flavor extracts were selected for use as the vapor-phase stimuli.  The flavor 
extracts selected represent common flavors of green and black tea varieties.  Common 
tea flavors among leading tea brands in the U.S. include “Salted Caramel,” “Spiced 
Cinnamon Chai,” “Green Ginger,” “Honey,” “Lemon Ginseng,” “Mandarin,” “Mixed 
Berry,” “Peach Tranquility,” “Raspberry Lemon,” and “French Vanilla” (RedCo Foods 
2008; Biglow 2014; Tazo 2014; Tetley 2014; Arizona 2015; Celestial Seasonings 2015; 
Lipton 2015; Stash 2015; Teavana 2015; Twinings 2015).  As such, vapor-phase stimuli 
selected for research included blueberry, caramel, cinnamon, ginger, honey, lemon, 
orange, peach, strawberry, and vanilla.  The names, sources, and concentrations of 
flavor extracts used can be seen in Table 1.  The concentrations selected for flavor 
extracts were based on preliminary odor intensity matching.  The total volume of vapor-
phase stimuli presented to participants was 8.75 milliliters (mL).   
Vapor-phase stimuli were prepared by pipetting the appropriate quantity of 
sunflower oil (A&M Gourmet Foods Inc., Toronto, OA) into a squeeze bottle followed by 
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the appropriate quantity of flavor extract.  Sunflower oil was used as the diluent.  All 
vapor-phase stimuli were prepared at room temperature, 22.5°C, up to 24 hours in 
advance.  All prepared samples of vapor-phase stimuli were stored in a refrigerator at 
4.4°C.  One hour before sample evaluations, the vapor-phase stimuli were brought to 
room temperature.  
 
 
 
 
 
 
 
 
 
 
2.3.3 Squeeze Bottle Delivery Container  
A 118.29 mL low-density polyethylene Boston Round squeeze bottle with a 24 
mm flip-top cap was used to deliver vapor-phase stimuli.  The basis for the usage of the 
squeeze bottle was from previous research studies conducted at Cornell University by 
Dr. Francine H. Hollis and Dr. Bruce P. Halpern.  Their research demonstrated that a 
118.29 mL low-density polyethylene squeeze bottle with a 24 mm flip-top cap (Part No.  
41580L3) purchased from Consolidated Plastics™ (Stow, OH) was effective in 
Table 1. Flavor Extracts Used as Vapor-Phase Stimuli 
Flavor 
Extract 
 
Source 
Quantity of Flavor 
Extract (mL) 
Quantity of Sunflower 
Oil Diluent (mL) 
Blueberry Spices, etc.  8.75  0.00 
Caramel Spices, etc. 6.56  2.19 
Cinnamon Spices, etc. 6.56  2.19 
Honey Spices, etc. 4.38  4.38 
Ginger Silver Cloud Estates 3.06  5.69 
Lemon Spices, etc. 7.88  0.88 
Orange Spices, etc. 6.56  2.19 
Peach Spices, etc. 7.73  1.02 
Strawberry Spices, etc. 7.88  0.88 
Vanilla Spices, etc. 7.73  1.02 
27 
 
delivering odorants to participants both retronasally and orthonasally.  Five mL of vapor-
phase stimuli was determined to be an adequate volume for the polyethylene squeeze 
bottle (Hollis and Halpern 2012).  
Each squeeze bottle was wrapped in an 11.3 cm x 16.4 cm piece of aluminum 
foil in order to prevent any input from the appearance of vapor-phase stimuli solutions 
(see Figure 1).  Two small pieces of double-sided tape were placed parallel to each 
other and to the short side of the foil.  The squeeze bottle was laid parallel to the short 
sides of the foil and wrapped.  The foil was pushed down and around the neck of the 
bottle and smoothed underneath the squeeze bottle.  Each squeeze bottle was then 
labelled with a random 3-digit code, and 8.75 mL of each vapor-phase stimulus was 
pipetted into the corresponding squeeze bottle.  Each participant was given squeeze 
bottles to use during his or her session; squeeze bottles were discarded at the end of 
each session.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1. Wrapped Squeeze Bottle with Flip-Top Cap 
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2.3.4 Participant Instructions for Orthonasal Smelling 
Participants were trained on how to smell vapor-phase stimuli in squeeze bottles 
orthonasally via a demonstration by the researcher.  To smell vapor-phase stimuli 
orthonasally, each participant opened the flip portion of the squeeze bottle top and 
placed it directly outside of his or her nostrils.  The participant squeezed the bottle two 
times while inhaling through his or her nose.  The participant removed the squeeze 
bottle from outside of his or her nostrils and breathed normally through his or her nose.   
2.3.5 Procedure 
All stimuli were prepared in the Rheology & Calorimetry Laboratory, room 306, in 
the Food Science and Technology (FST) Building at UT.  All prepared samples were 
stored in a refrigerator at 4.4°C and served at room temperature, approximately 22.5°C.   
Participants conducted vapor-phases stimuli evaluations during individual 
sessions in order to ensure that vapor-phase stimuli were assessed uniformly.  
RedJade® software was used to administer all evaluations.  Directions for the study 
were verbally stated to each participant and displayed on a computer screen.  First, 
each participant was asked to use a 9-point line scale to indicate the intensity of 
sweetness associated with various qualitative descriptor terms (i.e. blueberry, caramel, 
cinnamon, ginger, honey, lemon, orange, peach, strawberry, and vanilla).  On the scale, 
1 represented “Not sweet at all” and 9 represented “Extremely sweet.”   
After completing this portion of the study, each participant was trained on how to 
smell vapor-phase stimuli in squeeze bottles orthonasally.  Once the researcher 
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provided a demonstration, the participant was asked to demonstrate the method using 
an empty, practice squeeze bottle.   
Each participant was then given a tray with ten squeeze bottles (see Figure 2) 
labelled with random 3-digit codes.   
 
 
Figure 2. Tray Setup for Vapor-Phase Stimuli in Squeeze Bottles 
 
Vapor-phase stimuli were presented in a randomized order.  Each participant 
rated the overall aroma intensity of each sample using a 9-point line scale where 1 
represented “Not strong at all” and 9 represented “Extremely strong.”  Then each 
participant indicated his or her expected intensity of sweetness using a 9-point line 
scale where 1 represented “Not sweet at all” and 9 represented “Extremely sweet.”  
There was a 30-second break between each sample in order to allow participants’ smell 
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acuity to reestablish and prevent carryover between each sample.  All participants were 
allowed to re-smell samples as necessary to make ratings.    
After each participant finished evaluating the ten vapor-phase stimuli, he or she 
answered some consumer questions.  The questions asked each participant to:  
1) indicate which fruit flavor he or she believed to be the most and least sweet  
2) indicate which flavors he or she associated with tea 
3) indicate which flavors he or she most and least associated with tea 
4) indicate how often he or she consumed tea 
5) indicate his or her age, ethnicity, and gender 
  Each participant received a $5 UT bookstore gift card at the end of his or her 
session.   
2.4 Data Analysis 
 
Descriptive and inferential statistics were used to evaluate collected data.  Data 
was analyzed using SPSS Statistics 22 (IBM Corporation, Armonk, NY) and Microsoft 
Excel (Microsoft Corporation, Redmond, WA).  A significance level of p=0.05 was used 
for all analyses.  
2.4.1 Qualitative Descriptor Terms 
 
 A one-way ANOVA was used to determine significant differences in mean 
expected sweetness intensities associated with qualitative descriptor terms.  Since 
there was significance, Tukey’s Honest Significant Difference (HSD) post-hoc test was 
conducted to determine groupings of expected sweetness intensities.  
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2.4.2 Vapor-Phase Stimuli Evaluations 
 A one-way Multivariate Analysis of Variance (MANOVA) with Tukey’s HSD post 
hoc test was used to determine differences in overall aroma intensities and expected 
sweetness intensities among vapor-phase stimuli.  A MANOVA was conducted to 
account for the covariation among dependent variables that may not be observed when 
conducting multiple ANOVAs.  Separate two-way ANOVAs, where participants were 
considered random factors, were then used to determine significant differences in mean 
expected sweetness intensities for each response variable.  Since there was 
significance, Tukey’s HSD post-hoc test was conducted to determine groupings of 
overall aroma intensities and expected sweetness intensities.   
2.4.3 Sweetness Intensity Comparisons  
 A paired t-test was used to compare the mean expected sweetness intensities of 
the qualitative descriptor terms and corresponding vapor-phase stimuli.  A Pearson’s 
product-moment correlation was used to measure the strength of correlation between 
the expected sweetness intensities of the qualitative descriptor terms and the expected 
sweetness intensities of vapor-phase stimuli.  
2.4.4 Consumer Questions 
 Descriptive statistics were used to analyze data collected from consumer 
questions.  
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2.5 Results 
2.5.1 Qualitative Descriptor Terms  
 A one-way ANOVA revealed a significant difference (see Table 2) in the 
expected sweetness intensities of the qualitative descriptor terms (F= 163.438, p= 
0.000).  Lemon and ginger qualitative descriptor terms were expected to be the least 
sweet with sweetness intensity ratings around “Not sweet at all” and “Slightly sweet” on 
the scale.  While the lemon term had the lowest expected sweetness intensity rating, it 
was not significantly different from the ginger qualitative descriptor term.  Vanilla, 
orange, blueberry, peach, and strawberry qualitative descriptor terms had expected 
sweetness intensity ratings around “Moderately sweet” on the scale.  Caramel and 
honey qualitative descriptor terms—with sweetness intensity ratings of 7.63 and 7.73, 
respectively—were expected to be the most sweet.  On the scale, these ratings 
correspond to expected sweetness intensities between “Very sweet” and “Extremely 
sweet.” 
2.5.2 Vapor-Phase Stimuli Evaluations  
 A one-way MANOVA revealed a significant difference in overall aroma intensity 
and expected sweetness intensity among vapor-phase stimuli 
(F= 17.836; p= 0.000; Wilk's Λ = 0.675; partial η2 = 0.178).  Further analysis in the form 
of separate two-way ANOVAs (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(9,666)=5.717; p=0.000) and participants 
(F(74,666)=2.361; p=0.000) on the overall aroma intensity of vapor-phase stimuli (see  
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Table 2. Tukey’s HSD Post-Hoc Test Results for Sweetness Intensities of Qualitative 
Descriptor Terms (QDT), Overall Aroma Intensities of Vapor-Phase Stimuli (VPS), and 
Sweetness Intensities of VPS* 
 
Flavor  
Sweetness  
Intensity, QDT 
Aroma 
Intensity, VPS 
Sweetness 
Intensity, VPS 
Blueberry 5.05cd 4.97b 4.92b 
Caramel 7.63a 6.27a 6.21a 
Cinnamon 3.03e 6.24a 3.48cd 
Ginger 2.35ef 5.47ab 2.20e 
Honey 7.73a 5.40ab 3.44cd 
Lemon 1.91f 5.05b 2.89de 
Orange 4.61d 4.95b 4.11bc  
Peach 5.60bc 5.00b 4.91b 
Strawberry 5.77b 5.55ab 4.65b  
Vanilla 4.59d  5.27b 4.84b 
* Means within column followed by same letter are not significantly different 
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Table 2).  On the scale, 1 represented “Not strong at all” while 9 represented “Extremely 
strong.”   
Although caramel had the highest overall aroma intensity rating, it was not 
significantly different from the overall aroma intensities of the cinnamon, strawberry, 
ginger, and honey vapor-phase stimuli.  Orange had the lowest overall aroma intensity 
rating.  However, all vapor-phase stimuli, with the exception of caramel and cinnamon, 
were a part of the same group of overall aroma intensity as the orange stimulus.    
Cinnamon and caramel had higher aroma intensity ratings at 6.24 and 6.27, 
respectively.  On the scale, these values correspond to ratings between “Moderately 
strong” and “Very strong.”  All other vapor-phase stimuli were centralized on the scale, 
indicating moderately strong overall aroma intensities.    
A second two-way ANOVA (vapor-phase stimuli, participants) revealed a 
significant effect of vapor-phase stimuli (F(9,666)=35.254; p=0.000) and participant 
(F(74,666)=2.799; p=0.000) on the expected sweetness intensity of vapor-phase stimuli 
(see Table 2).  Tukey’s HSD post-hoc test indicated five groups of expected sweetness 
intensities among vapor-phase stimuli.  On the scale, 1 represented “Not sweet at all” 
and 9 represented “Extremely sweet.”  
 Caramel was expected to be significantly sweeter than all other vapor-phase 
stimuli.  Caramel’s expected sweetness intensity rating of 6.21 corresponds to a rating 
between “Moderately sweet” and “Very sweet” on the scale.  All vapor-phase stimuli 
besides caramel had expected sweetness intensity ratings below “Moderately sweet” on 
the scale.  Ginger had the lowest expected sweetness intensity rating of 2.20.  On the 
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scale, this rating corresponded to an expected sweetness intensity between “Not sweet 
at all” and “Slightly sweet.”  Ginger was also expected to be significantly less sweet than 
all other vapor-phase stimuli besides lemon.   
2.5.3 Sweetness Intensity Comparisons 
A paired t-test was used to compare the mean expected sweetness intensities of 
the qualitative descriptor terms and vapor-phase stimuli.  Results of the t-test are 
reported in Table 3.  Significant differences in mean expected sweetness intensities on 
a p=0.05 level were found for the following flavors: caramel (t(74)=5.68, p<0.00); honey 
(t(74)=15.7, p<0.00); lemon (t(74)=-4.92, p<0.00); orange (t(74)=2.05, p<0.04); peach 
(t(74)=2.68, p<0.01); and strawberry (t(74)=4.23, p<0.00).  Therefore, the expected 
sweetness intensities of the qualitative descriptor terms and vapor-phase stimuli are 
significantly different for caramel, honey, lemon, orange, peach, and strawberry.  
However, the expected sweetness intensities associated with terms blueberry, 
cinnamon, ginger, and vanilla were not determined to be significantly different.   
For all flavor extracts besides cinnamon, lemon, and vanilla, the mean expected 
sweetness intensities of the qualitative descriptor terms were higher than the vapor-
phase stimuli.  Ginger and lemon were grouped together as having the lowest expected 
sweetness intensity for both the qualitative descriptor terms and vapor-phase stimuli.  
Caramel was grouped as having the highest expected sweetness intensity for both 
conditions.   
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Table 3. Results from Paired t-Test Comparing Mean Expected Sweetness 
Intensities of Qualitative Descriptor Terms and Vapor-Phase Stimuli 
 
Flavor t-value df p-value 
Blueberry 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
0.60 74 0.55 
Caramel 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
5.68 74 0.00 
Cinnamon 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
-1.64 74 0.11 
Ginger 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
0.70 74 0.49 
Honey 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
15.7 74 0.00 
Lemon 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli  
-4.92 74 0.00 
Orange 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
2.05 74 0.04 
Peach 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
2.68 74 0.01 
Strawberry 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
4.23 74 0.00 
Vanilla 
Qualitative Descriptor Terms- 
Vapor-Phase Stimuli 
-0.76 74 0.45 
37 
 
A Pearson’s product-moment correlation was used to determine the correlation 
for the responses that participants provided for the expected sweetness intensities of 
qualitative descriptor terms and the expected sweetness intensities of the vapor-phase 
stimuli (see Table 4). 
A weak, positive association was found for blueberry, caramel, cinnamon, ginger, 
lemon, orange, peach, and strawberry.  A weak, negative association was 
found for honey and vanilla.  However, the only significant correlation was 
found were for blueberry (r=0.286, n=75, p=0.013) and orange (r=0.262, n=75, 
p=0.023).  
 
 
 
 
Table 4. Pearson’s Correlation for the Expected Sweetness Intensities of Qualitative 
Descriptor Terms and Vapor-Phase Stimuli 
 
Flavor Name Pearson Correlation (r) p-value 
Blueberry 0.286 0.013 
Caramel 0.200 0.085 
Cinnamon 0.171 0.143 
Ginger 0.081 0.492 
Honey -0.040 0.731 
Lemon 0.179 0.125 
Orange 0.262 0.023 
Peach 0.152 0.193 
Strawberry 0.164 0.160 
Vanilla -0.013 0.911 
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2.5.4 Consumer Questions 
 Lemon, honey, peach, ginger, and orange were the flavors associated with tea 
(see Figure 3).  Lemon was the flavor most associated with tea (51%) followed by 
honey (35%). These two flavor categories comprised 86% of participant responses (see 
Figure 4).  Caramel was the flavor least associated with tea (34%) followed by blueberry 
(27%), vanilla (13%), and strawberry (11%).  These four flavor categories comprised 
85% of participant ratings (see Figure 5). 
Seven percent of participants associated cinnamon the least with tea, and only 
10% of participants associated cinnamon with tea at all.  Four percent of participants 
associated vanilla with tea, while 13% associated vanilla flavors the least with tea.  
Although blueberry was less associated with tea than vanilla, the significant correlation 
found between the responses participants provided for the expected sweetness 
intensities of the qualitative descriptor terms and vapor-phase stimuli evaluations make 
blueberry significant for further study.   
Twelve percent of all participants indicated that they never drink tea (see Figure 
6).  The remainder of participants (88%) consumed tea on some level ranging from less 
than once a month to more than once a day.  Twenty-nine percent of participants 
reportedly consume tea a few times a week, which was the highest represented 
consumption category.  Thirty-three percent of participants were a part of the 18-24 
year-old age category (see Figure 7).  The lowest represented age category (13%) was 
the 35-44 year olds.  The majority of participants (80%) were of White or Caucasian 
descent (see Figure 8). 
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Figure 3. Flavors Associated with Tea 
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Figure 4. Flavors Most Associated with Tea 
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Figure 5. Flavors Least Associated with Tea 
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Figure 6. Tea Consumption Frequency 
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Figure 7. Age Distribution of Participants 
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Figure 8. Ethnicity of Participants 
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2.6 Discussion 
2.6.1 Qualitative Descriptor Terms  
 Select qualitative descriptor terms have significantly higher expected sweetness 
intensities suggesting differences in associated sweetness among flavors.  These 
differences may be related to individual expectations based upon previous experiences 
and knowledge (Schifferstein 1997; Lawrence and others 2009).  For instance, the 
lemon qualitative descriptor term may have had the lowest expected sweetness 
intensity because a sour taste is often associated with lemon.  Qualitative descriptor 
terms were found to be grouped by category.  Terms associated with spices (i.e. ginger 
and cinnamon) had similar expected sweetness intensities around “Slightly sweet” on 
the scale.  Berry qualitative descriptor terms (i.e. blueberry and strawberry) were also 
similarly grouped in terms of associated sweetness intensity around “Moderately sweet” 
on the scale.  Finally, the “caramelized” terms caramel and honey had similar expected 
sweetness intensity ratings at the high end of the scale.  
2.6.2 Vapor-Phase Stimuli Evaluations  
 Select vapor-phase stimuli evoked different overall aroma intensities when 
evaluated orthonasally.  Based upon the homogenous subsets in Table 2, caramel and 
cinnamon were the only two vapor-phase stimuli that were not part of the lower group of 
overall aroma intensity.  Since these vapor-phase stimuli had higher perceived overall 
aroma intensities, the concentrations of these vapor-phase stimuli must be adjusted for 
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subsequent research studies.  Overall aroma intensity should be standardized among 
vapor-phase stimuli to prevent undue influence on expected sweetness intensity ratings.   
 All vapor-phase stimuli, except lemon and ginger, were rated higher than a 3 
(“Slightly sweet” on the scale) in terms of expected sweetness intensity.  Therefore, the 
majority of vapor-phase stimuli were described as smelling sweet.  The acquisition of 
sweetness, a taste property, by the vapor-phase stimuli likely occurred because 
odorants and tastants are commonly experienced together (Stevenson and others 
1995).  Vapor-phase stimuli also induced different expected sweetness intensities.  If 
odor sweetness is thought to occur because of co-occurrences with sweet tastes in 
sweet foods, then the frequency of these associations may explain why certain vapor-
phase stimuli had higher expected sweetness intensities than others (Frank and Byram 
1988; Stevenson and others 1999).  
2.6.3 Sweetness Intensity Comparisons  
The paired t-test revealed that participants do not have consistent expected 
sweetness intensities for the caramel, honey, lemon, orange, peach, and strawberry 
qualitative descriptor terms and the smelled sweetness intensities of these vapor-phase 
stimuli.  Discrepancies in expected sweetness intensity ratings may be explained by the 
association of qualitative descriptor terms with sweet foods and not with the vapor-
phase stimuli alone.  For instance, honey has a very sweet taste and is often used to 
sweeten beverages and dessert foods.  The term “honey” may therefore be associated 
with sweetness.  However, the actual aroma of honey is not reflective of a “sweet” 
aroma and was not expected to be associated with sweetness. 
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Pearson’s correlations indicated only weak associations between the expected 
sweetness intensities of various qualitative descriptive terms and vapor-phase stimuli.  
Blueberry and orange were consistently rated, suggesting that participants may be more 
familiar with these flavors.  However, the lack of significant associations suggest that 
the sweetness intensities of vapor-phase stimuli cannot be predicted based upon the 
associated sweetness of the qualitative descriptor terms. 
2.6.4 Consumer Questions 
Flavors that were not highly associated with tea based upon the results of the 
consumer questions will be omitted from use in subsequent research studies to  
prevent participant fatigue.  Cinnamon and vanilla flavor extracts will therefore be 
excluded from use in future research studies.  With the exclusion of the vanilla vapor-
phase stimuli, the “caramel/woody” aroma category will be represented by the caramel 
flavor. 
Eighty-eight percent of participants indicated that they are tea consumers.  These 
results indicate that the flavors most and least associated with tea come from a group of 
participants who may be familiar with tea flavors because they consume tea.   
2.7 Conclusion 
 
 Qualitative descriptor terms cinnamon, vanilla, orange, blueberry, peach, 
strawberry, caramel, and honey were associated with sweetness.  Orthonasal 
evaluations of vapor-phase stimuli using 118.29 mL low-density polyethylene squeeze 
bottles revealed differences in expected sweetness intensities and overall aroma 
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intensities.  As such, cinnamon and vanilla vapor-phase stimuli were eliminated from 
use in future studies.  The overall aroma intensity of the caramel vapor-phase stimulus 
will need to be standardized to match the overall aroma intensity of the remaining 
vapor-phase stimuli.  Subsequent research will determine the impact of blueberry, 
caramel, ginger, honey, lemon, orange, peach, strawberry vapor-phase stimuli in model 
solutions and complex beverages.   
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CHAPTER III:  
PERCEIVED SWEETNESS INTENSITIES OF MODEL SUCROSE 
SOLUTIONS WITH ADDED VAPOR-PHASE STIMULI 
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3.1 Introduction 
3.1.1 Background  
Confusion between gustation and olfaction is reported when people lose their 
sense of taste or when their noses are pinched or otherwise blocked due to nasal 
congestion.  It is difficult to identify otherwise familiar flavors when odorants cannot 
reach the olfactory receptors.  The disruption of airflow prevents odorants from crossing 
the nasopharynx and averts flavor perception (Small and others 2005).   
Many research studies have been conducted in an effort to further understand 
the relationship between gustation and olfaction.  Early studies that examined the 
relationship between gustation and olfaction noted confusion between the two sensory 
modalities.  Researchers were surprised to find a lack of inhibition between gustation 
and olfaction when odor-taste mixtures were evaluated.  Instead, both dissonant and 
congruent mixtures caused taste-smell confusion in which olfactory stimulation induced 
taste sensations (Murphy and Cain 1979).  
The pairing of prune and water chestnut odorants with sucrose solutions caused 
the solutions to have a sweeter perceived odor (Prescott and others 2004).  A 
strawberry flavoring enhanced the perceived sweetness of whipped cream samples 
while a peanut butter flavoring did not affect the perceived sweetness of whipped cream 
(Frank and Byram 1988).  Orthonasal evaluations of food (i.e. strawberry, maracuja, 
maltol, mango, and caramel) and nonfood (i.e. damascone, cedryl acetate, acetyl 
methyl carbinol, angelica oil, and eucalyptol) odorants revealed that the degree to which 
an odor smells sweet serves as an ample predictor of the degree to which the same 
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odor will enhance or suppress perceived sweetness (Stevenson and others 1999).  A 
research study was conducted to explore whether select odors associated with saltiness 
would enhance the perceived saltiness of low-salt solutions.  Several odors such as 
sardine, bacon, peanuts, anchovy, and ham were found to enhance the perceived 
saltiness of model salt solutions.  Odor quality and intensity were the two main factors 
contributing to odor-induced salt enhancement strength (Lawrence and others 2009). 
Certain odors—such as damascone and angelica oil—added to a sucrose 
solution were shown to suppress the perceived sweetness ratings compared to a 
control sucrose solution (Stevenson and others 1999).   Caramel, an odor with a high 
perceived “sweet” aroma, works to both enhance the sweetness of a sucrose solution 
and suppress the perceived sourness of a citric acid solution (Stevenson and others 
1999).   
Odor-induced sweetness enhancement has been noted with a variety of odorants 
and in the presence of various sweetener tastants including sucrose, fructose, 
aspartame, and saccharine (Klaauw and Frank 1993; Valentin and others 2006).  Odor-
induced taste enhancement has been observed when the odorant/tastant solution is 
either swallowed or expectorated, indicating that the effect does not depend on how the 
olfactory system is stimulated (Frank and others 1989; Valentin and others 2006).  The 
phenomenon also occurs when the odorant is presented simultaneously with the tastant 
but not actually dissolved in the tastant (Sakai and others 2001; Valentin and others 
2006).  
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3.1.2 Objective 
The objective was to determine the impact of select vapor-phase stimuli (i.e. 
blueberry, caramel, ginger, honey, lemon, orange, peach, and strawberry) on the 
perceived sweetness of a model sucrose solution. 
3.2 Participants 
 
See Section 2.2 for details regarding participant recruitment and criteria.   
This study consisted of seventy-six participants (24 male; 52 female).   
3.3 Materials and Methods 
3.3.1 Hypothesis 
 
Select vapor-phase stimuli will modify the perceived sweetness of sucrose 
solutions.  Blueberry, caramel, honey, orange, peach, and strawberry vapor-phase 
stimuli will enhance the perceived sweetness of sucrose solutions.  Lemon and ginger 
vapor-phase stimuli will suppress the perceived sweetness.   
3.3.2 Stimuli  
Nine flavor extracts were selected for use.  The names and concentrations of 
flavor extracts used can be seen in Table 5.  Concentrations of flavor extracts were 
based upon previous literature which utilized 1.0% strawberry odorant in an aqueous 
solution to assess odor-induced taste enhancements in model solutions (van der 
Klaauw and Frank 1996; Djordjevic and others 2004). Proportions of flavor extracts 
relative to each other were maintained from conducted preliminary research.  As such, 
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the quantities of flavor extracts were adjusted accordingly relative to 1.0% strawberry.  
The control sucrose solution contained no added flavor extract.  The concentration for 
sucrose solutions (0.3 M) and the total volume of solutions (10 mL) were adapted from 
similar studies that assessed the impact of various flavor extracts on the perceived 
intensity of sucrose solutions (Schifferstein and Verlegh 1996; Stevenson and others 
1999). 
 
 
 
The appropriate quantities of flavor extracts were mixed with 102.69 grams (g) of 
Domino® sugar in 2.0 L glass beakers to make 0.3 M homogenous bulk solutions.  Ten 
milliliters of each sucrose solution was presented in 59.15 mL black cups with fitted lids 
(Webstraunt Store Food Service Equipment and Supply Company; Lancaster, PA) in 
order to prevent any input from the appearance of the vapor-phase stimuli solutions.  
Each cup was labelled with a random 3-digit code.  
Table 5. Flavor Extracts Used as Vapor-Phase Stimuli in Model Sucrose 
Solutions 
 
Solution Quantity of Flavor Extract 
(mL) 
Percentage Concentration of 
Flavor Extract (%) 
Blueberry 11.00 1.10 
Caramel 6.00 0.60 
Control 0.00 0.00 
Ginger 4.50 0.45 
Honey 6.00 0.60 
Lemon 10.00 1.00 
Orange 8.50 0.85 
Peach 9.85 0.98 
Strawberry 10.00 1.00 
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All samples were prepared and administered at room temperature, 22.5°C.  All 
prepared samples were stored in a refrigerator at 4.4°C.  One hour before sample 
evaluation, samples were brought to room temperature.  
3.3.3 Procedure 
All stimuli were prepared in the Rheology & Calorimetry Laboratory, room 306, in 
the FST Building at UT.  All prepared samples were stored in a refrigerator at 4.4°C, 
and served at room temperature, 22.5°C.   
This study was conducted in the Sensory Panel Room in the Sensory Science 
and Innovation Center, room 105, in the FST Building.  A total of six participants could 
evaluate samples at one time.   
RedJade® software was used to administer all evaluations.  Directions for the 
study were placed in the booths and described within the ballot.  IPads were used to 
collect all participant responses.  Each participant was presented with a tray containing 
nine lidded 59.15 mL black cups with lids were labelled with 3-digit codes.  The samples 
were presented in a randomized order (see Figure 9).   
First, each participant received pictorial smelling directions to ensure uniform 
orthonasal evaluations.  Each participant then rated the overall aroma intensity of the 
sample using a 9-point scale where 1 represented “Not strong at all” and 9 represented 
“Extremely strong.”  Next, each participant was directed to taste the sample by taking 
the entire sample into his or her mouth.  The participant was instructed to swirl the 
sample around in his or her mouth for three seconds before spitting the sample into his 
or her spit cup.  After tasting, each participant indicated the taste intensities of 
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sweetness, saltiness, sourness, and bitterness using the 9-point scale.  The rating of 
overall aroma intensity in addition to the four basic tastes was intended to prevent the 
dumping effect.  For sweetness, 1 represented “Not sweet at all” and 9 represented 
“Extremely sweet.”  For saltiness, 1 represented “Not salty at all” and 9 represented 
“Extremely salty.”  For sourness, 1 represented “Not sour at all” and 9 represented 
“Extremely sour.”  For bitterness, 1 represented “Not bitter at all” and 9 represented 
“Extremely bitter.”   There was a 30-second break between each sample in order to 
allow participants’ acuity to reestablish and prevent carryover between each sample.  
During the 30-second break, each participant was instructed to rinse his or her mouth 
with water.   
After each participant finished rating all samples, he or she answered 
demographic questions.  The questions asked each participant to indicate his or her 
age, ethnicity, and gender.   
At the end of the study, each participant received a $5 UT bookstore gift card for 
participation. 
3.4 Data Analysis 
 See Section 2.4 for details regarding data analysis.  
3.4.1 Sucrose Solution Evaluations 
 A one-way MANOVA was used to determine differences in overall aroma 
intensity, sweetness intensity, saltiness intensity, sourness intensity, and bitterness 
intensity among sucrose solutions.  Since there was significance, separate two-way  
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Figure 9. Tray Setup for Model Sucrose Solutions 
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ANOVAs, where participants were considered random variables, with Tukey’s HSD 
post-hoc tests were then conducted for each response variable. 
3.4.2 Demographic Questions 
 Descriptive statistics were used to graphically display and analyze collected data.  
3.5 Results 
3.5.1 Sucrose Solution Evaluations 
The one-way MANOVA revealed a significant difference in overall aroma 
intensity, sweetness intensity, saltiness intensity, sourness intensity, and bitterness 
intensity based upon vapor-phase stimuli type (F(40, 2927.616)=16.909; p=0.000; 
Wilk’s Λ = 0.404; partial η2=0.166).   
A two-way ANOVA for overall aroma intensity (vapor-phase stimuli, participants) 
revealed a significant effect of vapor-phase stimuli (F(8,600)=65.497; p=0.000) and 
participants (F(75,600)=4.100; p=0.000).  Tukey’s HSD post-hoc test revealed four 
groups of overall aroma intensity (see Table 6).  On the scale, 1 represented “Not 
strong at all” while 9 represented “Extremely strong.”  All sucrose solutions with added 
vapor-phase stimuli had significantly higher overall aroma intensities than the control 
sucrose solution with no added flavor extract.  Caramel, ginger, lemon, and orange 
sucrose solutions had the highest overall aroma intensities.  On the scale, these ratings 
correspond to aroma intensities between “Moderately strong” and “Very strong.”  All 
other sucrose solutions with added vapor-phase stimuli had overall aroma intensities 
that were centralized on the scale.  
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*Means within columns followed by the same letter are not significantly 
different  
 
 
A second two-way ANOVA for sweetness intensity (vapor-phase stimuli, 
participants) revealed a significant effect of vapor-phase stimuli (F(8,600)=8.150; 
p=0.000) and participants (F(75,600)=5.227; p=0.000). Tukey’s HSD post-hoc test 
indicated four groups of sweetness intensities among sucrose solutions (see Table 7).  
On the scale, 1 represented “Not sweet at all” and 9 represented “Extremely sweet.”  
All sucrose solutions with added vapor-phase stimuli, with the exception of lemon 
and caramel, had perceived sweetness intensities that were not significantly different 
from the control sample.  The strawberry and control sucrose solutions were perceived 
to have the same sweetness intensity of 4.88.  This rating corresponds to a perceived 
sweetness intensity between “Slightly sweet” and “Moderately sweet.”   
Table 6. Tukey’s HSD Post-Hoc Test Results for Overall Aroma Intensity 
of Sucrose Solutions* 
 
Vapor-Phase  
Stimuli 
Overall Aroma  
Intensity 
Blueberry 4.21d 
Caramel 6.16a 
Control 1.87e 
Ginger 6.62a 
Honey 5.08c 
Lemon 6.00a 
Orange 5.88ab 
Peach 4.67cd 
Strawberry 5.12bc 
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The lemon sucrose solution was perceived as having the highest sweetness 
intensity at 6.11, a rating between “Moderately sweet” and “Very sweet” on the scale.  
The lemon and caramel sucrose solutions were the only solutions with perceived 
sweetness intensity ratings significantly higher than the control solution.   
A two-way ANOVA for saltiness intensity (vapor-phase stimuli, participants) 
revealed a significant effect of vapor-phase stimuli (F(8,600)=9.287; p=0.000) and 
participants (F(75,600)=5.180; p=0.000).  Tukey’s post-hoc test revealed two groups of 
perceived saltiness intensities (see Table 7).  On the scale, 1 represented “Not salty at 
all” and 9 represented “Extremely salty.”  
All solutions, except caramel and ginger, were not significantly different in terms 
of saltiness intensity from the control solution.  The caramel and ginger sucrose 
solutions had significantly higher perceived saltiness intensity ratings than the control 
solution.  All saltiness intensity ratings for sucrose solutions were below 3 on the scale, 
indicating that all sucrose solutions were perceived as being “Not salty at all” to “Slightly 
salty.”   
A two-way ANOVA for sourness intensity (vapor-phase stimuli, participants) 
revealed a significant effect of vapor-phase stimuli (F(8,600)=18.422; p=0.000) and 
participants (F(75,600)=4.213; p=0.000).  Tukey’s post-hoc test resulted in four groups 
of perceived sourness intensities (see Table 7). 
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Table 7. Tukey’s HSD Post-Hoc Test Results for Perceived Sweetness, Saltiness, 
Sourness, and Bitterness Intensities of Sucrose Solutions* 
 
Vapor-Phase 
Stimuli 
Sweetness 
Intensity 
Saltiness 
Intensity 
Sourness 
Intensity 
Bitterness 
Intensity 
Blueberry 5.03bcd 1.63b 3.03ab 2.12b 
Caramel 5.75ab 2.71a 1.75d 2.21b 
Control 4.88cd 1.80b 1.43d 1.62b 
Ginger 4.45d 2.41a 2.59bc 4.00a 
Honey 5.67abc 1.78b 1.88cd 2.20b 
Lemon 6.11a 1.58b 2.89ab 1.78b 
Orange 5.68abc 1.71b 2.67b 1.95b 
Peach 5.49abc 1.67b 3.18ab 1.92b 
Strawberry 4.88cd 1.72b 3.55a 2.03b 
* Means within columns followed by the same letter are not significantly different 
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 Ginger, orange, lemon, blueberry, peach, and strawberry sucrose solutions were 
perceived as being significantly more sour than the control sucrose solution.  Solutions 
with added fruit vapor-phase stimuli (i.e. orange, lemon, blueberry, peach, and 
strawberry) were perceived as being significantly more sour than non-fruit sucrose 
solutions (i.e. caramel, honey, ginger).  The strawberry sucrose solution had the highest 
perceived sourness intensity rating at 3.55, a rating between “Slightly sour” and 
“Moderately sour” on the scale.  
A two-way ANOVA for bitterness intensity (vapor-phase stimuli, participants) 
revealed a significant effect of vapor-phase stimuli (F(8,600)=20.983; p=0.000) and 
participants (F(75,600)=5.130; p=0.000).  Tukey’s post-hoc test indicated two groups of 
perceived bitterness intensity.  
 The ginger sucrose solution was the only solution that was perceived as being 
significantly more bitter than all other solutions.  All solutions had higher perceived 
bitterness intensity ratings than the control solution.  
3.5.2 Demographic Questions  
 
The majority of participants (78%) were of white/Caucasian descent (see Figure 
10).     
This study consisted of 76 participants.  Fifty-two females and 24 males 
participated.  The ages of participants ranged from 18 to 64 years of age (mean 
age=31.8 years, SD=12.4 years). 
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3.6 Discussion 
3.6.1 Sucrose Solution Evaluations  
 
Select sucrose solutions with added vapor-phase stimuli evoked different overall 
aroma intensities when evaluated orthonasally.  The addition of vapor-phase stimuli 
significantly increased the perceived overall aroma intensity of all sucrose solutions.   
All sucrose solutions were rated above 3 (“Slightly sweet” on the scale) in terms of 
perceived sweetness intensity.  Thus, all solutions were perceived as tasting sweet.  
However, only the lemon and caramel vapor-phase stimuli induced a sweetness 
enhancement relative to the control solution.  While lemon and caramel vapor-phase 
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stimuli were shown to enhance the perceived sweetness of sucrose solutions in 
previous studies, the strawberry vapor-phase stimulus induced responses dissimilar to 
those found in literature.  Under similar conditions (0.3 M sucrose solutions with 0.67, 
1.00, 2.00, 6.00 g/L of added strawberry odorant), the strawberry vapor-phase stimulus 
enhanced the perceived sweetness of the sucrose solution (Schifferstein and Verlegh 
1996; Stevenson and others 1999).  However, the strawberry vapor-phase stimulus had 
no effect on the perceived sweetness of the sucrose solution in the conducted research.  
The strawberry vapor-phase stimulus used in this study contained citric acid.  Because 
sweetness and sourness may be perceptually antagonistic, strawberry’s sourness 
enhancement may have affected sweetness perception (Schifferstein and Frijters 1990; 
Stevenson and others 1999).  
Although the caramel and ginger vapor-phase stimuli induced a saltiness 
enhancement, none of the sucrose solutions were perceived as being above “Slightly 
salty” on the scale.  Ginger, orange, lemon, blueberry, peach and strawberry vapor-
phase stimuli induced a sourness enhancement in the sucrose solutions.  The ginger 
vapor-phase stimuli also induced a bitterness enhancement relative to the control 
sucrose solution.  None of the vapor-phase stimuli suppressed the perceived taste 
qualities of the sucrose solutions. 
3.7 Conclusion 
Research results revealed that vapor-phase stimuli can enhance or suppress the 
perceived taste characteristics of sucrose solutions.  Only the lemon and caramel 
solutions were perceived as being significantly more sweet than the control solution.  
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The discordant results of this study with similar odor-induced taste modification studies 
in model solutions demonstrate that the perceptual interactions of the olfactory and 
gustatory systems are subject to individual experiences.  Subsequent research will 
determine if the addition of the same vapor-phase stimuli to a complex beverage will 
modify the perceived taste characteristics in the same manner observed in this study. 
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CHAPTER IV: 
PERCEIVED SWEETNESS INTENSITIES OF COMPLEX BEVERAGES 
WITH ADDED VAPOR-PHASE STIMULI 
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4.1 Introduction 
4.1.1 Background  
While most studies on odor-induced taste modifications were primarily conducted 
in model solutions, a few additional studies were devised to understand the integration 
of taste and smell in more complex beverages.  A few studies that have been conducted 
utilized a sweetened carbonated beverage and a bitter cocoa beverage.  A mint odorant 
enhanced the perceived sweetness of a sweetened carbonated beverage (Saint-Eve 
and others 2010).  Evaluations of a bitter cocoa beverage without a noseclip revealed 
that an added vanilla odorant enhanced the perceived sweetness intensity while a 
cocoa odorant enhanced the perceived bitterness intensity (Labbe and others 2006).  In 
order to better understand the perceptual interactions in other complex food and 
beverage products, further research involving gustation and olfaction should be 
conducted.   
Green and black tea beverages are suitable complex beverages for study.  
Green and black teas are the most widely consumed tea beverages in the US.  Green 
tea accounts for 15% of consumed tea in the U.S. (TeaUSA 2013).  Green tea is a light; 
clear; and, often, bitter beverage.  Green tea leaves remain green and maintain a subtle 
flavor after processing (Belitz and others 2004; Wan and others 2009).  The mild tea 
flavor has caused many manufacturing companies to add flavors to the tea.  Lipton®, a 
Unilever brand, is the leading tea brand in the U.S. and manufactures various flavored 
green teas such as mandarin, lemon ginseng, cranberry pomegranate, mixed berry, 
honey, white mangosteen peach, red goji raspberry, and orange passionfruit jasmine 
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(Lipton 2014).  Other large tea companies include Arizona®, Teavana®, Twinings®, 
Celestial Seasonings®, Tazo®, Bigelow®, and Salada® (Arizona 2015; Teavana 2015; 
Twinings 2015; Celestial Seasonings 2015; Tazo 2014; Bigelow 2014; Redco Foods 
2008).  
A lexicon for green tea was developed using descriptive analysis.  Thirty-one 
flavor attributes were identified for green tea.  Some of the flavor categories consisted of 
“green” (i.e. asparagus, beany, celery, parsley); “brown” (i.e. ashy, burnt, nutty, 
tobacco); “fruity/floral” (i.e. fruity, floral, citrus, fermented); and “other” (i.e. almond, 
grain, musty, mint, straw-like). Other categories included “mouthfeel” (i.e. astringent, 
tooth-etching) and “basic tastes” (i.e. sweet, bitter) (Lee and Chambers 2007).  
The majority of tea (85%) consumed in the U.S. in 2012 was black tea (TeaUSA 
2013).  Lipton ® manufactures plain black tea and flavored black tea such as Earl Grey, 
Bavarian wild berry, vanilla caramel, and spiced cinnamon chai (Lipton 2014).  Other 
leading black tea manufacturers include Tetley®, Tazo®, Salada®, Stash®, and 
Teavana® (Tetley 2014; Tazo 2014; Redco Foods 2008; Stash 2015; Teavana 2015).   
A lexicon for black tea was also developed using descriptive analysis.  Seven 
major flavor attributes were identified for black tea: “caramel-like”, “floral/sweet”, 
“green/grassy”, “hay-like”, “malty”, “roasty”, and “seaweed.”  Other attributes included 
“after-taste” and “astringency” (Alasalvar and others 2012).   
4.1.2 Objective 
The objective was to determine the impact of vapor-phase stimuli on the intensity 
of perceived sweetness of a real beverage.  The vapor-phase stimuli used in previous 
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conducted research involving model sucrose solutions were added to both green tea 
and black tea beverages.  The use of green and black tea allowed for comparison of 
any modification effects due to differences in composition.    
4.2 Participants 
 
See Section 2.2 for details regarding participant recruitment and criteria.   
This study consisted of seventy-one participants (19 male; 52 female).   
4.3 Materials and Methods 
4.3.1 Hypothesis 
 
Select vapor-phase stimuli will modify the perceived sweetness of green and 
black tea beverages.  The lemon and caramel vapor-phase stimuli will enhance the 
perceived sweetness of tea while the ginger vapor-phase stimulus will suppress the 
perceived sweetness.   
4.3.2 Stimuli 
The nine flavor extracts utilized in previous research involving model sucrose 
solutions were used in this research study.  The names and concentrations of flavor 
extracts used can be seen in Table 8.  Concentrations of flavor extracts were the same 
as concentrations used previous research involving model sucrose solutions.    
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The methodology for tea preparation was based on the package directions and a 
procedure used in a previous tea study (Chung and Vickers 2007).  Lipton® green tea 
bags and Lipton® black tea bags were utilized for this study.  Package directions 
require 236.59 mL (8 oz.) of water per one tea bag.  To make bulk solutions, 1.89 L (64 
oz.) of deionized water was heated to 96.1°C in an electric kettle (Hamilton Beach, 
Programmable 1.7 Liter Kettle, 40996Z).  The electric kettles were programmed to hold 
the temperature of the solution at 96.1°C for the duration of the tea preparation.  The 
194.08 g of Domino® sugar was mixed into the electric kettle to make 0.3 M sucrose 
solutions.  Tea bags were submerged in the solution for 1 minute for green tea samples 
and 3 minutes for black tea samples (Lipton 2014).  When teas finished steeping, the 
appropriate amount of flavor extract was mixed into the electric kettle.  Control samples 
of green tea and black tea did not contain added flavor extracts. 
Table 8. Flavor Extracts Used as Vapor-Phase Stimuli for Green and Black 
Teas 
 
Solution Quantity of Flavor Extract 
(mL) 
Percentage Concentration of 
Flavor Extract (%) 
Blueberry 20.79 1.10 
Caramel 11.34 0.60 
Control 0.00 0.00 
Ginger 8.51 0.45 
Honey 11.34 0.60 
Lemon 18.90 1.00 
Orange 16.07 0.85 
Peach 18.61 0.98 
Strawberry 18.90 1.00 
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All prepared tea samples were immediately poured into a (Bunn 28696) 2.2 L 
Commercial Airpot Dispenser to maintain tea temperature.  One hundred milliliters of 
each tea sample was served in a 236.59 mL Styrofoam cup with a lid.  The cup was 
labelled with a random 3-digit code.   
The concentration for sucrose solutions (0.3 M) and the total volume of solutions 
(100 mL) were adapted from similar studies that assessed the impact of various flavor 
extracts on the perceived intensity of sucrose solutions (Schifferstein and Verlegh 1996; 
Stevenson and others 1999). 
4.3.3 Procedure 
 
All stimuli were prepared in the Sensory Laboratory, room 106, in the FST 
Building at UT.  All prepared tea samples were poured into the Airpot to maintain the 
serving temperature (70°C).   
This study was conducted in the Sensory Panel Room in the Sensory Science 
and Innovation Center, room 105, in the FST Building.  A total of six participants could 
evaluate samples at one time in the Sensory Science and Innovation Center.  Green tea 
and black tea samples were evaluated on separate days to avoid participant fatigue.  
The same participants evaluated both sets of samples.   
RedJade® software was used to administer all evaluations.  Directions for the 
study were placed in the booths and described within the ballot.  IPads were used to 
collect all participant evaluations.  Each participant was presented with a tray containing 
nine lidded 236.59 mL Styrofoam cups labelled with random 3-digit codes and 
presented in a randomized order (see Figure 11).   
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Figure 11. Tray Setup for Tea Samples 
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First, each participant received pictorial smelling directions to ensure uniform 
orthonasal evaluations.  Each participant rated the overall aroma intensity of the tea 
sample using a 9-point scale where 1 represented “Not strong at all” and 9 represented 
“Extremely strong.”  Each participant was then directed to drink a mouthful of sample.  
Participants were then directed to swirl the sample around in his or her mouth for three 
seconds before spitting the sample into his or her spit cup.  Each participant indicated 
the taste intensities of sweetness, saltiness, sourness, and bitterness using the 9-point 
scale.  For sweetness, 1 represented “Not sweet at all” and 9 represented “Extremely 
sweet.”  For saltiness, 1 represented “Not salty at all” and 9 represented “Extremely 
salty.”  For sourness, 1 represented “Not sour at all” and 9 represented “Extremely 
sour.”  For bitterness, 1 represented “Not bitter at all” and 9 represented “Extremely 
bitter.”   Next, each participant was asked to indicate which flavor he or she perceived 
the tea sample to be.  Finally, participants indicated his or her overall liking for the tea 
sample using the 9-point hedonic scale.  On the scale, 1 represented “Dislike extremely” 
while 9 represented “Like extremely.”  There was a 30-second break between samples 
in order to allow acuity to reestablish and prevent carryover between each sample.  
During the 30-second break, each participant was instructed to rinse his or her mouth 
with water. 
Upon the completion of sample evaluation, each participant was asked 
approximately how often he or she consumed green/black tea.  Response options 
included “More than once a day,” “Once a day,” “Several times a week,” “Once a week,” 
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“Several times a month,” “Once a month,” “Every 3 months or less,” and “Never.”  Each 
participant was also asked to indicate his or her age, ethnicity, and gender.    
At the end of the study, each participant received a $10 UT bookstore gift card 
after the completion of both green and black tea sessions.  
4.4 Data Analysis 
See Section 2.4 for details regarding data analysis. 
4.4.1 Green and Black Tea Evaluations 
 A one-way MANOVA was used to determine differences in overall aroma 
intensities, sweetness intensities, saltiness intensities, sourness intensities, bitterness 
intensities, and overall liking among green and black tea solutions.  Since there was 
significance, separate two-way ANOVAs, where participants were considered random 
variables, with Tukey’s HSD post-hoc tests were then conducted for each response 
variable.  
4.4.2 Correct Flavor Indication Responses  
 
Descriptive statistics were used to graphically display and analyze collected data.  
4.4.3 Green and Black Tea Evaluation Comparisons  
Paired t-tests were used to compare the mean participant responses for green 
and black tea on the basis of overall aroma intensity, sweetness intensity, saltiness 
intensity, sourness intensity, bitterness intensity, and overall liking.  
74 
 
4.4.4 Demographic Questions 
 Descriptive statistics were used to graphically display and analyze collected data.  
4.4.5 Sweetness Intensity Comparisons: Model Sucrose Solutions vs. Green and 
Black Tea  
 Independent t-tests were used to compare the tasted sweetness intensity of 
sucrose solutions for each flavor extract with the tasted sweetness intensity of green tea 
and black tea for each flavor extract.   
4.5 Results 
4.5.1 Green Tea Evaluations 
The one-way MANOVA revealed a significant difference in overall aroma 
intensity, sweetness intensity, saltiness intensity, sourness intensity, bitterness intensity, 
and overall liking based upon vapor-phase stimuli type (F(48, 3079.324)=9.127; 
p=0.000; Wilk’s Λ = 0.520; partial η2=0.103).   
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=34.227; p=0.000) and participants 
(F(70,560)=3.354; p=0.000) on the overall aroma intensity of green tea samples. 
Tukey’s post-hoc tests found five groups of overall aroma intensity (see Table 9).  On 
the scale, 1 represented “Not strong at all” while 9 represented “Extremely strong.”  
All green tea samples with added vapor-phase stimuli had higher overall aroma 
intensities than the control green tea sample.  The control sample had an overall aroma 
intensity rating of 2.82 which is below “Slightly strong” on the scale.  The ginger sample 
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had the highest overall aroma intensity rating.  With a rating of 6.77, the ginger green 
tea sample was between “Moderately strong” and “Very strong” on the scale.  
 
 
 
 
 
 
 
 
Vapor-phase stimuli from similar flavor categories were not significantly different 
in terms of overall aroma intensities.  For example, from the “berry” group, blueberry 
and strawberry flavored green tea samples both had overall aroma intensities between 
“Slightly strong” and “Moderately strong.”  Similarly, the “brown” flavors of honey and 
caramel as well as the “citrus” flavors of lemon and orange were respectively a part of 
the same group of overall aroma intensities. 
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=9.833; p=0.000) and participants 
(F(70,560)=5.833; p=0.000) on the perceived sweetness intensity of green tea samples. 
Table 9. Tukey's HSD Post-Hoc Test Results for Overall Aroma Intensity of 
Green Tea* 
 
Vapor-Phase Stimuli Group 
Blueberry 4.25c 
Caramel 5.34bc 
Control 2.82d 
Ginger 6.77a 
Honey 4.37c 
Lemon 6.01ab 
Orange 5.92ab 
Peach 4.73cd 
Strawberry 4.90cd 
* Means within a column followed by the same letter are not significantly 
different 
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Tukey’s post-hoc tests revealed three groups of sweetness intensity (see Table 10).  On 
the scale, 1 represented “Not sweet at all” while 9 represented “Extremely sweet.” 
The ginger flavored green tea sample had the lowest sweetness intensity rating 
among green tea samples and was the only sample perceived as being significantly 
less sweet than the control sample.  The perceived sweetness intensity of the ginger 
flavored green tea sample was 4.51, a rating between “Slightly sweet” and “Moderately 
sweet” on the scale.  The caramel flavored green tea sample had the highest perceived 
sweetness rating.  With a sweetness intensity rating of 6.54, the caramel flavored tea 
was perceived as being “Moderately sweet” to “Very sweet.”  
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=5.862; p=0.000) and participants 
(F(70,560)=9.603; p=0.000) on the perceived saltiness intensity of green tea samples.  
Tukey’s post-hoc tests revealed four groups of saltiness intensity (see Table 10).  On 
the scale, 1 represented “Not salty at all” while 9 represented “Extremely salty.”  
Caramel, ginger, and strawberry flavored green tea samples were perceived as 
being significantly more salty than the control green tea sample.  Mean saltiness 
intensity ratings for all green tea samples were between “Not salty at all” and “Slightly 
salty” on the scale.  
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=10.350; p=0.000) and participants 
(F(70,560)=4.027; p=0.000) on the perceived sourness intensity of green tea samples.  
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Table 10. Tukey’s HSD Post-Hoc Test Results of Perceived Sweetness, Saltiness, 
Sourness, and Bitterness Intensities Green Tea Samples* 
 
Vapor-Phase 
Stimuli 
Sweetness 
Intensity 
Saltiness 
Intensity 
Sourness 
Intensity 
Bitterness 
Intensity 
Blueberry 5.10bc 1.85abcd 2.44ab 2.13b 
Caramel 6.54a 2.08ab 1.42c 2.15b 
Control 5.87ab 1.45d 1.58c 1.96b 
Ginger 4.51c 2.13a 2.44ab 3.63a 
Honey 5.80ab 1.65bcd 1.93bc 2.03b 
Lemon 5.59b 1.63cd 2.63a 2.00b 
Orange 5.79ab 1.55cd 2.45ab 2.06b 
Peach 5.46b 1.63cd 2.44ab 2.27b 
Strawberry 5.14bc 1.94abc 2.97a 2.31b 
* Means within column followed by the same letter are not significantly different 
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Tukey’s post-hoc tests found three groups of sourness intensity (see Table 10).  On the 
scale, 1 represented “Not sour at all” while 9 represented “Extremely sour.”  
All green tea samples had sourness intensity ratings between “Not sour at all” 
and “Slightly sour” on the scale.  Green tea samples that were significantly more sour 
than the control sample included peach, blueberry, ginger, orange, lemon, and 
strawberry.  The strawberry flavored green tea sample had the highest perceived 
sourness intensity with a rating of 2.97.   
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=10.566; p=0.000) and participants 
(F(70,560)=4.653; p=0.000) on the perceived bitterness intensity of green tea samples. 
Tukey’s post-hoc test revealed two groups of bitterness intensity (see Table 10).  On the 
scale, 1 represented “Not bitter at all” while 9 represented “Extremely bitter.”  
 All green tea samples were a part of the same group of perceived bitterness 
intensity except the ginger flavored tea sample. The ginger flavored green tea sample 
was perceived as being significantly more bitter with an intensity rating between 
“Slightly bitter” and “Moderately bitter” on the scale. 
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=10.289; p=0.000) and participants 
(F(70,560)=3.053; p=0.000) on participants’ overall liking of green tea samples.  Tukey’s 
post-hoc tests revealed three groups of overall liking (see Table 11).  On the scale, 1 
represented “Dislike extremely” while 9 represented “Like extremely.” 
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 The ginger flavored green tea sample was disliked the most with a liking rating 
between “Dislike moderately” to “Neither like nor dislike” on the scale.  The orange 
flavored green tea sample had the highest liking score.  At 6.08, this sample had a liking 
rating between “Neither like nor dislike” and “Like moderately” on the scale.  Green tea 
samples that were liked among participants (above 5 on the scale) included honey, 
strawberry, blueberry, control, lemon, peach, and orange.   
 
 
 
 
 
 
 
 
 
 
4.5.2 Black Tea Evaluations 
The one-way MANOVA revealed a significant difference in overall aroma 
intensity, sweetness intensity, saltiness intensity, sourness intensity, bitterness intensity, 
and overall liking based upon vapor-phase stimuli type (F(48, 3079.324)=11.227; 
p=0.000; Wilk’s Λ = 0.452; partial η2=0.124). 
Table 11. Tukey's HSD Post-Hoc Test Results for Green Tea Overall 
Liking* 
 
Vapor-Phase Stimuli Group 
Blueberry 5.45ab 
Caramel 4.86b 
Control 5.69ab 
Ginger 3.63c 
Honey 5.17ab 
Lemon 5.76ab 
Orange 6.08a 
Peach 5.80ab 
Strawberry 5.28ab 
* Means within column followed by same letter are not significantly different  
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  A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=36.099; p=0.000) and participants 
(F(70,560)=4.715; p=0.000) on the overall aroma intensity of black tea samples.   
Tukey’s post-hoc test found seven groups of overall aroma intensity (see Table 12).  On 
the scale, 1 represented “Not strong at all” while 9 represented “Extremely strong.”  
All black tea samples with added vapor-phase stimuli had significantly higher 
overall aroma intensity ratings than the control black tea sample.  The control sample 
had an overall aroma intensity rating of 3.37 which is between “Slightly strong” and 
“Moderately strong” on the scale.  The ginger flavored tea sample had the highest 
overall aroma intensity.  With a rating of 7.00, the ginger flavored green tea sample was 
perceived as “Very strong.”  Vapor-phase stimuli from similar flavor categories were 
again similarly rated in terms of overall aroma intensities.  Blueberry and strawberry, 
and orange and lemon flavored black tea samples were grouped together in overall 
aroma intensity.  
  
  
 
 
 
 
 
Table 12. Tukey's HSD Post-Hoc Test Results for Overall Aroma Intensity 
of Black Tea* 
 
Vapor-Phase Stimuli Group 
Blueberry 4.20f 
Caramel 5.42bcd 
Control 3.37g 
Ginger 7.00a 
Honey 4.51ef 
Lemon 6.03b 
Orange 5.70bc 
Peach 4.99cde 
Strawberry 4.83def 
* Means within column followed by same letter are not significantly different 
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A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=12.205; p=0.000) and participants 
(F(70,560)=8.908; p=0.000) on the perceived sweetness intensity of black tea samples. 
Tukey’s post-hoc tests revealed five groups of sweetness intensity (see Table 13).  On 
the scale, 1 represented “Not sweet at all” while 9 represented “Extremely sweet.”  
The ginger flavored black tea sample was perceived as being the least sweet with a 
sweetness intensity rating between “Slightly sweet” and “Moderately sweet” on the 
scale.  Blueberry, strawberry, and ginger flavored black tea samples were perceived as 
being significantly less sweet than the control sample.  The caramel flavored tea had 
the highest sweetness intensity rating.  A rating of 6.20 on the scale indicated that 
caramel flavored tea was perceived as being “Moderately sweet” to “Very sweet.”  
Another two-way ANOVA (vapor-phase stimuli, participants) revealed a 
significant effect of vapor-phase stimuli (F(8,560)=7.699; p=0.000) and participants 
(F(70,560)=10.860; p=0.000) on the perceived saltiness intensity of black tea samples. 
Tukey’s post-hoc test revealed three groups of saltiness intensity (see Table 13).  On 
the scale, 1 represented “Not salty at all” while 9 represented “Extremely salty.”  
The control black tea sample had the lowest saltiness intensity rating.  Only the 
caramel and ginger flavored black tea samples were perceived as being significantly 
more salty than the control sample.  Mean saltiness intensity ratings for all black tea 
samples were between “Not salty at all” and “Slightly salty” on the scale.   
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Table 13. Tukey’s HSD Post-Hoc Test Results for Perceived Sweetness, Saltiness, 
Sourness, and Bitterness Intensities of Black Tea Samples* 
 
Vapor-Phase 
Stimuli 
Sweetness 
Intensity 
Saltiness 
Intensity 
Sourness 
Intensity 
Bitterness 
Intensity 
Blueberry 4.73cde 1.70c 2.97ab 2.23b 
Caramel 6.20a 2.14ab 1.46ef 2.00b 
Control 5.54ab 1.46c 1.41f 2.24b 
Ginger 4.31e 2.17a 2.07cde 3.65a 
Honey 5.55ab 1.75bc 1.85def 2.23b 
Lemon 5.70ab 1.55c 2.41bcd 2.14b 
Orange 5.42abc 1.51c 2.18cd 1.96b 
Peach 5.17bcd 1.62c 2.54bc 2.10b 
Strawberry 4.38de 1.70c 3.27a 2.34b 
* Means within column with same letter are not significantly different 
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A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=19.804; p=0.000) and participants 
(F(70,560)=5.702; p=0.000) on the perceived sourness intensity of black tea samples. 
Tukey’s post-hoc test found six groups of sourness intensity (see Table 13).  On the 
scale, 1 represented “Not sour at all” while 9 represented “Extremely sour.”  
The control black tea sample had the lowest sourness intensity rating at 1.41.  
Orange, lemon, peach, blueberry, ginger, and strawberry black tea samples had 
significantly higher perceived sourness intensities than the control black tea sample.  All 
black tea samples had perceived sourness intensities between “Not sour at all” and 
“Slightly sour” with the exception of the strawberry flavored tea.  The strawberry flavored 
black tea sample had the highest perceived sourness intensity. 
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=11.577; p=0.000) and participants 
(F(70,560)=6.530; p=0.000) on the perceived bitterness intensity of black tea samples.  
Tukey’s post-hoc test revealed two groups of bitterness intensities (see Table 13).  On 
the scale, 1 represented “Not bitter at all” while 9 represented “Extremely bitter.”  
All black tea samples were a part of the same group of perceived bitterness 
intensity except the ginger flavored tea sample. The ginger flavored black tea sample 
was perceived as being significantly more bitter with an intensity rating between 
“Slightly bitter” and “Moderately bitter” on the scale.  
A two-way ANOVA (vapor-phase stimuli, participants) revealed a significant 
effect of vapor-phase stimuli (F(8,560)=14.766; p=0.000) and participants 
84 
 
(F(70,560)=3.568; p=0.000) on participants’ overall liking of black tea samples..  
Tukey’s post-hoc test revealed three groups of overall liking (see Table 14).  On the 
scale, 1 represented “Dislike extremely” while 9 represented “Like extremely.”  
The ginger flavored black tea sample was disliked the most with a liking rating 
between “Dislike moderately” to “Neither like nor dislike” on the scale.  The caramel, 
honey, and ginger flavored teas were significantly disliked more than the control black 
tea sample.  The control black tea sample had the highest liking score.  At 5.80, this 
sample had a liking rating between “Neither like nor dislike” to “Like moderately” on the 
scale.  Black tea samples that were liked among participants (above 5 on the scale) 
included strawberry, lemon, peach, orange flavored tea samples, and the control tea 
sample.   
 
 
 
 
 
Table 14. Tukey's HSD Post-Hoc Test Results for Black Tea Overall 
Liking 
 
Vapor-Phase Stimuli Group 
Blueberry 4.92abc 
Caramel 4.38c 
Control 5.80a 
Ginger 3.20d 
Honey 4.82bc 
Lemon 5.54ab 
Orange 5.72ab 
Peach 5.63ab 
Strawberry 5.07abc 
* Means within column with same letter are not significantly different 
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4.5.3 Correct Flavor Indication Responses 
 
Figure 12 shows the number of correct responses given by participants when 
asked to identify the perceived flavor of the tea samples.  Approximately 61% of 
participants (43 participants out of 71 total participants) correctly identified the lemon 
flavored green tea sample.  The highest number of correct flavor indication responses 
for black tea was observed in the control and lemon flavored tea samples (34 
participants out of 71 total participants).  Participants were not as accurate when 
identifying the blueberry and strawberry flavored green and black tea samples.  Only 4 
participants correctly identified the blueberry flavored green tea sample while 6 
participants correctly identified the blueberry flavored black tea sample.  A much higher 
number (i.e. 34) of participants correctly identified the control black tea sample than the 
control green tea sample (i.e. 12).   
4.5.4 Green and Black Tea Evaluation Comparisons  
 
A paired t-test comparing the means of participant responses for green and black 
tea samples only revealed a significant difference (p=0.05) in the perceived sourness 
intensity of blueberry flavored green and black teas (t(70)=2.407, p<0.008), the overall 
aroma intensity of control green and black teas (t(70)=-2.714, p<0.008); and the 
perceived sweetness intensity of strawberry flavored green and black teas (t(70)=3.258, 
p<0.002) (see Table A.1).  
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Figure 12. Correct Flavor Indication Responses for Green and Black Tea
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4.5.5 Demographic Questions  
 
Thirty-four percent of participants consume green tea once every three months or 
less (see Figure 13).  Only 25% of participants consume green tea more than once a 
week.  Eleven percent of participants indicated that they do not consume green tea.   
Approximately 20% of participants consume black tea several times a week.  
Seventeen percent of participants indicated that they do not consume black tea.  
The majority (i.e. 83%) of participants were of White or Caucasian descent (see 
Figure 14).  
This study consisted of 71 participants.  Fifty-two females and 19 males 
participated in this study.  The ages of participants ranged from 18 to 65 years of age 
(mean age=30.8 years, SD=13.6 years). 
4.5.6 Sweetness Intensity Comparisons: Model Sucrose Solutions vs. Green and 
Black Tea  
An independent t-test compared the mean perceived sweetness intensities of the 
flavored model sucrose solutions with the mean perceived sweetness intensities of the 
flavored green tea samples.  Results from the t-test are reported in Table 15.  
Significant differences on a p=0.05 level were only found for the caramel flavor (t(145)=-
2.20, p<0.029). 
A second independent t-test compared the mean perceived sweetness intensities 
of the flavored model sucrose solutions with the mean perceived sweetness intensities 
of the flavored black tea samples.  Results from the t-test are reported in Table 16.  
Significant differences on a p=0.05 level were not found for any vapor-phase stimuli.  
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Figure 14. Ethnicity of Participants 
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Table 15. Independent t-test: Model Sucrose Solution vs. Flavored Green Tea 
Samples Regarding Sweetness Intensity  
 
Flavor Independent Variables Mean t-value p-value 
Blueberry Sucrose Solution Sweetness 5.03 
-0.233 0.816 
Green Tea Sweetness 5.10 
Caramel Sucrose Solution Sweetness 5.75 
-2.200 0.029 
Green Tea Sweetness 6.54 
Ginger Sucrose Solution Sweetness 4.45 
-0.162 0.872 
Green Tea Sweetness 4.51 
Honey Sucrose Solution Sweetness 5.67 
-0.407 0.685 
Green Tea Sweetness 5.80 
Lemon Sucrose Solution Sweetness 6.10 
1.669 0.097 
Green Tea Sweetness 5.59 
Orange Sucrose Solution Sweetness 5.68 
-0.348 0.728 
Green Tea Sweetness 5.79 
Peach Sucrose Solution Sweetness 5.49 
0.079 0.937 
Green Tea Sweetness 5.46 
Strawberry Sucrose Solution Sweetness 4.88 
-0.820 0.414 
Green Tea Sweetness 5.14 
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Table 16. Independent t-test: Model Sucrose Solution vs. Flavored Black Tea 
Samples Regarding Sweetness Intensity 
 
Flavor Independent Variables Mean t-value p-value 
Blueberry Sucrose Solution Sweetness 5.03 
0.857 0.393 
Black Tea Sweetness 4.73 
Caramel Sucrose Solution Sweetness 5.75 
-1.211 0.228 
Black Tea Sweetness 6.20 
Ginger Sucrose Solution Sweetness 4.45 
0.353 0.725 
Black Tea Sweetness 4.31 
Honey Sucrose Solution Sweetness 5.67 
0.382 0.703 
Black Tea Sweetness 5.53 
Lemon Sucrose Solution Sweetness 6.10 
1.291 0.199 
Black Tea Sweetness 5.70 
Orange Sucrose Solution Sweetness 5.68 
0.864 0.389 
Black Tea Sweetness 5.42 
Peach Sucrose Solution Sweetness 5.49 
1.127 0.261 
Black Tea Sweetness 5.17 
Strawberry Sucrose Solution Sweetness 4.88 
1.547 0.124 
Black Tea Sweetness 4.38 
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4.6 Discussion 
4.6.1 Green Tea Evaluations  
Select green tea samples with added vapor-phase stimuli evoked different overall 
aroma intensities when evaluated orthonasally.  The addition of select vapor-phase 
stimuli significantly increased the perceived overall aroma intensity ratings of all green 
tea samples.  
The ginger flavored vapor-phase stimulus suppressed the perceived sweetness 
intensity of the green tea samples.  Although none of the vapor-phase stimuli induced a 
sweetness enhancement, the sweetness intensities of the tea samples were higher than 
any other perceived taste intensity attribute of the tea.  The control green tea sample 
had a mean sweetness intensity rating between “Moderately sweet” to “Very sweet” on 
the scale.  It is possible that because the control sample had a high baseline sweetness 
that the addition of the vapor-phase stimuli had little effect on the perceived sweetness 
of the tea.  Prepared tea samples contained approximately 6.06 teaspoons (i.e. 30.3 g) 
of sugar per 8 oz. (1 cup) of tea.  This amount of sugar is more than a typical tea 
consumer might add to sweeten his or her beverage.  The addition of vapor-phase 
stimuli may have had a more significant effect on the perceived sweetness of the tea if 
the baseline sucrose concentration was closer to 1 or 2 teaspoons of sugar per 8 oz. of 
tea.   
Odor-induced taste enhancements were observed for the other taste attributes.  
Caramel and ginger vapor-phase stimuli enhanced the perceived saltiness of green tea.  
The caramel vapor-phase stimulus contained a small amount of salt, which may explain 
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the observed saltiness enhancement.  Blueberry, ginger, lemon, orange, peach, and 
strawberry vapor-phase stimuli enhanced the perceived sourness of green tea.  The 
ginger vapor-phase stimulus enhanced the perceived bitterness of green tea.  The 
ginger vapor-phase stimulus had a significant modification effect on all perceived aroma 
and taste attributes of green tea.  Ginger may have had a significant effect on the 
perceived taste and aroma of green tea because of the context in which participants 
experienced ginger previously.  For example, ginger is a common ingredient in savory 
Asian cuisine and may be utilized for medicinal purposes (Pakrashi and Pakrashi 2003). 
The orange flavored green tea sample was liked the most while the ginger 
flavored green tea sample was disliked the most.  There was a notable overlap between 
the green tea samples that were liked the most (i.e. blueberry, honey, control, lemon, 
orange, peach, and strawberry) and the vapor-phase stimuli that enhanced the 
perceived sourness of the tea (i.e. blueberry, ginger, lemon, orange, peach, strawberry).  
Perhaps participants liked the induced sourness as a counter effect to the high 
perceived sweetness of the samples.   
4.6.2 Black Tea Evaluations 
 
Select black tea samples with added vapor-phase stimuli evoked different overall 
aroma intensities when evaluated orthonasally.  The addition of vapor-phase stimuli 
significantly increased the perceived overall aroma intensity of all black tea samples.  
Strawberry, blueberry, and ginger vapor-phase stimuli suppressed the perceived 
sweetness of black tea samples.  Again, none of the vapor-phase stimuli enhanced the 
perceived sweetness of the black tea beverages.  The control black tea sample also 
94 
 
had a mean sweetness intensity rating between “Moderately sweet” and “Very sweet” 
on the scale.  This high baseline sweetness again may have prevented any potential 
sweetness enhancement effect from the addition of the vapor-phase stimuli.   
The sweetness intensities of black tea samples were again higher than any other 
perceived taste intensity attribute.  Observed odor-induced taste enhancements were 
similar for green and black tea.  Caramel and ginger vapor-phase stimuli enhanced the 
perceived saltiness of black tea.  Blueberry, ginger, lemon, orange, peach, and 
strawberry vapor-phase stimuli enhanced the perceived sourness of black tea.  The 
ginger vapor-phase stimulus enhanced the perceived bitterness of black tea.  The 
ginger vapor-phase stimulus again had a significant modification effect on all perceived 
aroma and taste attributes.   
 The control, lemon, orange, and peach flavored black tea samples were liked the 
most among participants while the ginger black tea sample was disliked the most.  For 
black tea, participants liked the addition of fruit vapor-phase stimuli more than non-fruit 
vapor-phase stimuli. 
4.6.3 Correct Flavor Indication Responses  
 
 The ginger vapor-phase stimulus may have had a significant effect on the 
perceived taste and aroma attributes of tea samples because the majority of 
participants were unable to correctly identify the ginger flavor.  Many participants 
thought that the ginger sample was an herbal or non-food flavor.  Non-food odors have 
been inversely correlated to the intensity of sweetness (Stevenson and others 1999).  
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Ginger also enhanced the perceived bitterness of green and black tea samples.  The 
induced bitterness may have driven disliking ratings.   
There was also much confusion regarding the identification of the berry flavors.  
While most participants were not able to correctly identify the specific berry flavor in 
green and black tea, strawberry and blueberry flavors produced different perceptual 
responses.  The lemon, orange, and peach teas were the most correctly identified 
flavors among green and black teas.  Participants may be the most familiar with these 
flavors within the context of tea beverages.  The control black tea sample was more 
correctly identified than the control green tea sample.  This may be attributed to the pool 
of recruited participants, who consume black tea more frequently than green tea.  
Because participants were not provided with the flavor of the tea sample, taste intensity 
ratings were influenced by previous measures of perception and knowledge.  The low 
number of correct flavor identifications overall suggest that participants may not be 
familiar with the vapor-phase stimuli within the presented context.   
4.6.4 Green and Black Tea Evaluation Comparisons  
 
Participants were highly consistent in their evaluations of green and black tea 
samples among the majority of tested attributes.  The most striking difference between 
participant responses for green and black tea was in the perceived sweetness intensity 
ratings for strawberry vapor-phase stimuli.  The difference in sweetness intensity 
perception induced a taste suppression effect in the strawberry flavored black tea 
sample.  Participants perceived the strawberry flavored black tea as being significantly 
less sweet than the strawberry flavored green tea.  Only 6% of participants associated a 
96 
 
strawberry flavor with tea in conducted preliminary research.  The strawberry vapor-
phase stimulus may have been more incongruent with the flavor of the black tea 
causing a suppressive effect on the perceived sweetness of the black tea sample.   
4.6.5 Sweetness Intensity Comparisons: Model Sucrose Solutions vs. Green and 
Black Tea  
 The mean perceived sweetness intensities of the model sucrose solutions did not 
significantly differ from the mean perceived sweetness intensities of the green tea 
samples, with the exception of the caramel vapor-phase stimulus.  Caramel had a 
higher mean perceived sweetness intensity in green tea than the model sucrose 
solution.  The mean perceived sweetness intensities of the model sucrose solutions did 
not significantly differ from the mean perceived sweetness intensities of the black tea 
solutions for any vapor-phase stimuli.  The tea oxidation process produces aldehydes 
which have sweet caramel and vanilla aromas (Ho and others 2008).  Because the 
black tea samples may have already had these aromas present, the added caramel 
vapor-phase stimulus did not have an effect on the perceived sweetness intensity of the 
black tea.  The aroma profile of green tea does not contain these aldehyde-associated 
aromas, so the addition of the caramel vapor-phase stimulus to green tea samples may 
have had a more prominent effect.   
The addition of vapor-phase stimuli to model solutions (i.e. sucrose solutions) 
and complex beverages (i.e. green and black tea), with the exception of caramel in 
green tea, did not significantly affect the mean perceived sweetness intensities.  
Differences in odor-induced taste modifications between the model sucrose solutions 
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and tea samples may be attributed to the different pools of recruited participants, the 
temperature of the served samples, and/or potential molecular interactions of vapor-
phase stimuli with tea components.  
4.7 Conclusion 
 
The conducted research revealed that vapor-phase stimuli may enhance or 
suppress the perceived taste characteristics of green and black tea samples with added 
sucrose.  No odor-induced sweetness enhancements were observed in either green or 
black tea samples.  However, the ginger vapor-phase stimulus suppressed the 
perceived sweetness of green tea, and strawberry, blueberry, and ginger vapor-phase 
stimuli suppressed the perceived sweetness of black tea.  The vapor-phase stimuli 
modified the perceived sweetness of the green and black tea in a similar manner to the 
model sucrose solutions.   
Further studies should investigate the impact of the vapor-phase stimuli in green 
and black tea beverages with lower sucrose concentration levels.  It may also be useful 
to evaluate the impact of vapor-phase stimuli within the green and black tea beverages 
on a molecular level to ensure that modification effects are perceptual and not due to 
physicochemical changes in tea components in the presence of vapor-phase stimuli.   
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CONCLUSION 
 
Odor-induced taste enhancements have many implications for food product 
development.  Odor-induced taste enhancements may be used to develop food 
products with increased flavor intensity for elderly individuals or individuals who may 
have a decreased sense of smell due to nasal trauma, (Valentin and others 2006).  
Recent health concerns regarding salt and sugar intake, such as hypertension and 
diabetes, have spurred a trend towards the development of reduced sodium and 
carbohydrate products.  Research conducted by Lawrence and others (2009) indicate 
that odor modifications may be used to compensate and/or enhance the taste of 
reduced sodium food products.  Similarly, odor-induced taste enhancement may serve 
as an approach to enhance the perceived sweetness of foods without significantly 
increasing the caloric content.  However, there is a lack of conducted research 
examining odor-induced sweetness enhancement in complex beverage systems.   
Preliminary research confirmed that qualitative descriptor terms differ in terms of 
associated sweetness intensity, and vapor-phase stimuli induce different expected 
sweetness intensities.  Differences in expected sweetness intensities may be due to 
individual expectations based upon previous experiences and knowledge.   
The lemon and caramel vapor-phase stimuli enhanced the perceived sweetness of 
a model sucrose solution but did not enhance the perceived sweetness of green or 
black teas.  None of the vapor-phase stimuli enhanced the perceived sweetness of the 
green or black teas.  However, the ginger vapor-phase stimulus suppressed the 
perceived sweetness of green tea, and ginger, blueberry, and strawberry vapor-phase 
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stimuli suppressed the perceived sweetness of black tea.  Such suppressive effects by 
vapor-phase stimuli on taste may be desired in complex beverage or food systems.  For 
example, odor-induced taste suppression may be used to decrease the perceived 
bitterness or other less desirable taste attributes of a product.   
Although odor-induced sweetness enhancements were not observed in the green 
and black teas, the degree of modification may be impacted by sucrose concentration.  
Previous research has confirmed that the degree of odor-induced sweetness 
enhancement decreases with an increase in sucrose concentration (Schifferstein and 
Verlegh 1996).  Further research should be conducted for select vapor-phase stimuli to 
determine their effect on perceived sweetness in other varieties or types of tea 
beverages.  Tea composition and serving temperature may be two factors that affect the 
perception of vapor-phase stimuli.   
Although the focus of the conducted research was on odor-induced sweetness 
enhancement, odor-induced taste suppression should also be investigated.  Odor 
modifications (i.e. enhancement and suppression) should be further evaluated in other 
complex food and beverage systems to determine viable applications in product 
development.  
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Follow your nose! 
 
Volunteers needed for Olfaction Studies 
 
These experiments will study responses to food aromas. 
 
You will receive a $5 gift card for each session in which you 
participate.  Each session will last about 25 minutes. 
 
Must be at least 18 years old, healthy, a non-smoker, neither pregnant 
nor nursing, and an American English communicator. 
 
If you are interested in participating, contact: 
 
 
 
 
 
 
 
Figure A.1. Sample Recruitment Flyer 
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Table A.1. Results from Paired t-Test Comparing Mean Participant Responses for 
Green and Black Tea 
 
  t-value df p-value 
Blueberry Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
0.205 70 0.838 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
1.438 70 0.155 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
1.276 70 0.206 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
-2.407 70 0.019 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
-0.579 70 0.565 
Green Tea Overall Liking-              
Black Tea Overall Liking 
1.855 70 0.068 
Caramel Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
-0.296 70 0.768 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
1.496 70 0.139 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
-0.334 70 0.740 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
-0.335 70 0.738 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
0.715 70 0.477 
Green Tea Overall Liking-              
Black Tea Overall Liking 
1.859 70 0.067 
Control Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
-2.714 70 0.008 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
1.361 70 0.178 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
-0.151 70 0.880 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
1.204 70 0.233 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
-1.530 70 0.130 
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Table A.1. Continued 
 
  t-value df p-value 
 
Green Tea Overall Liking-              
Black Tea Overall Liking 
-0.433 70 0.667 
Ginger Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
-0.893 70 0.375 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
0.742 70 0.461 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
-0.280 70 0.780 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
1.644 70 0.105 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
-0.054 70 0.957 
Green Tea Overall Liking-              
Black Tea Overall Liking 
1.386 70 0.170 
Honey Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
-0.520 70 0.605 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
1.148 70 0.255 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
-0.694 70 0.490 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
0.591 70 0.556 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
-1.262 70 0.211 
Green Tea Overall Liking-              
Black Tea Overall Liking 
1.447 70 0.152 
Lemon Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
-0.062 70 0.951 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
-0.439 70 0.662 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
0.925 70 0.358 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
1.232 70 0.222 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
-0.743 70 0.460 
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Table A.1. Continued 
 
  t-value df p-value 
 
Green Tea Overall Liking-              
Black Tea Overall Liking 
0.949 70 0.346 
Orange Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
0.878 70 0.383 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
1.442 70 0.154 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
0.359 70 0.721 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
1.447 70 0.152 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
0.542 70 0.589 
Green Tea Overall Liking-              
Black Tea Overall Liking 
1.723 70 0.089 
Peach Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
-0.910 70 0.366 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
1.322 70 0.190 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
0.136 70 0.892 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
-0.563 70 0.575 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
1.106 70 0.272 
Green Tea Overall Liking-              
Black Tea Overall Liking 
0.619 70 0.538 
Strawberry Green Tea Overall Aroma Intensity - 
Black Tea Overall Aroma Intensity 
0.305 70 0.761 
Green Tea Sweetness Intensity - 
Black Tea Sweetness Intensity 
3.258 70 0.002 
Green Tea Saltiness Intensity -    
Black Tea Saltiness Intensity 
1.664 70 0.101 
Green Tea Sourness Intensity -    
Black Tea Sourness Intensity 
-1.098 70 0.276 
Green Tea Bitterness Intensity -   
Black Tea Bitterness Intensity 
-0.143 70 0.887 
 
Green Tea Overall Liking-              
Black Tea Overall Liking 
0.710 70 0.480 
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